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Variable Angle Tow (VAT) composites have gained significant interest since the 
introduction of Automated Tape Placement (ATP) machines in the 1980s. ATP has scope 
to enhance design space by laying down tapes or tows in curvilinear trajectories, i.e. in 
variable angles. Until recently, cutting plies, thereby introducing ply-drops, into the same 
layer was the only means available to change layerwise ply orientation. VAT has potential 
to reduce stress concentrations around cut-outs and improve buckling performance, 
without adding weight. Many numerical studies have shown the benefits of VAT, but few 
researchers have manufactured and tested VAT structures. Where VAT structures were 
produced, all were processed using thermoset composite material systems. Thermoset 
composites require two processing steps, the first to lay-up the laminate stacking 
sequence, while the second involves consolidating (curing) the laminate. To the author’s 
knowledge, there is little research available on processing VAT structures using 
thermoplastic composites. Thermoplastics composites allow in-situ consolidation with 
laser-assisted ATP (LATP). In-situ consolidation eliminates the secondary processing 
step, saving time, energy and consumables. This work investigates processing of VAT 
structures from aerospace grade thermoplastic composite, specifically carbon fibre-
reinforced polyether ether ketone (CF/PEEK). 
To determine the suitability of CF/PEEK to manufacture VAT structures, an investigation 
of LATP processing parameters for tape steering was carried out. Defect occurrences 
were observed and the bond strength of steered tapes tested for varying steering radii. 
Measurements showed that the width and thickness of the tapes changed as a result of 
steering. In addition, bond strength, was found to be a function of lay-down speed. It was 
shown that excellent bond strength could be achieved with suitable processing parameters.  
Investigation of CF/PEEK VAT structures progressed to representative structural 
demonstrators. A variable-stiffness CF/PEEK wingbox was manufactured using a LATP 
winding, in-situ consolidation process. A full-scale structural test using a bespoke testing 
frame with representative loads was undertaken. The wingbox buckled elastically at a 
load close to that predicted numerically with a 14% increase in buckling load compared 
to the analogous, conventional lay-up CF/PEEK wingbox. 
One disadvantage of the current process for producing VAT structures are gaps and 
overlaps that occur between neighbouring tape laydown paths. Gaps and overlaps reduce 
structural efficiency, so eliminating such defects with in-situ consolidation is highly 
desirable. A tape spreading device was designed that can be integrated into an ATP head. 
The tape spreading device allows variable tape width to be achieved locally during lay-
up. Integration of this device in the ATP process would remove gaps and overlaps in VAT 
laminates. During trials different width tapes were produced using the spreading device. 
Three different width increases were investigated; 15%, 30% and 45%, and were 
compared with as-received tape. Preliminary characterization tests show that the 
spreading process does not adversely affect properties at tape level. Initial trials indicate 
that it is possible to achieve a tape width increase of 62%. 
Finally, to investigate the effect of spreading at laminate level, test samples manufactured 
from as-received tapes and spread tapes were mechanically characterised and compared. 
Tensile and compression properties of spread tapes experienced minor decreases. 
However, interlaminar shear strength decreased by 43%, which is most likely caused by 
damaged fibres being present in the interphase region. Further work is recommended to 
develop the technique further to eliminate the issue of relatively poor bond strength 
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Chapter 1: Introduction 
1.1 Background 
Fibre-reinforced polymer composites are finding increasing application since first being 
introduced in the 1950s, being widely used in areas such as space, aviation, automotive, 
energy and recreational applications. Significant weight reductions can be achieved 
through the use of fibre-reinforced polymer composites without decrease in performance 
when compared to traditional metallic components [1]. Composites are also resistant to 
corrosion and have low thermal conductivity. In addition, they offer excellent design 
flexibility as it is possible to change the lay-up of a composite laminate to alter the 
mechanical performance to suit its application. When first introduced, composites were 
only affordable to high value sectors, mainly in space exploration, with some application 
in the aviation & high performance automotive industry. Manufacturing methods were 
not well-refined and inefficient, resulting in high cost. Over time, composite processing 
technology has improved significantly, resulting in a range of enhanced manufacturing 
methods and better quality materials. Composites have grown rapidly in the automotive  
and energy sector over the past four decades due to reduced cost, as shown in Figure 1-1. 
 
Figure 1-1: Consumption and cost of composites since 1970s [2] 
Emergence of strong and stiff reinforcements like carbon fibre along with advances in 
polymer research to produce high-performance resins have helped meet the challenges 
posed by the complex designs of modern aircraft [3]. Composites have also benefitted 
from the requirement to lower carbon emissions and increase renewable energy 
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technologies. It is widely recognised that the fuel consumption of an aircraft is strongly 
affected by its total weight and that the fuel used during aircraft operation can be 
significantly reduced by increasing the proportion of lightweight composites in its 
structure [4]. Despite being more energy intensive to manufacture and more difficult to 
dispose of, carbon fibre-reinforced polymer composites can enable a substantial decrease 
in air transport fuel consumption, resulting in an overall reduction in environmental 
impact [4]. Carbon fibre structures start showing a net reduction of environmental damage 
compared to Aluminium Alloy 2024 after 90 hrs of flying when installed on a commercial 
aircraft. Manufacturers such as Airbus, Boeing and BMW are extensively using 
composite materials to lower fuel consumption. A Boeing 787 structure contains over 
50% by weight of composite materials as shown in Figure 1-2. Additionally, a BMW i3 
electric car uses a carbon fibre frame to reduce weight and increase the range of its 
batteries. Finally, advancements in composites materials and manufacturing methods are 
resulting in a steady increase in wind turbine blade size, which allows an increased energy 
output [5]. 
 
Figure 1-2: Use of Composites in a Boeing 787 [6] 
Future growth for composite materials looks promising, the global composites market 
size is projected to grow from USD 74.0 billion in 2020 to USD 112.8 billion by 2025, at 
a compound annual growth rate of 8.8% [7]. The composites industry is growing due to 
the rise in demand for high performance materials, globally. Avolon completed a world 
fleet forecast [8] in 2017, stating that passenger air traffic will increase by 5.4% per 
annum for the next 20 years. Avolon expects 8,700 wide-bodied aircraft to be delivered 
in the next 20 years. Boeing 787 and Airbus A350 will be major contributors to meet this 
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demand. While this analysis was conducted prior to the global COVID-19 pandemic, it is 
likely that even if the projected demand for total numbers of wide-bodied aircraft is 
suppressed, there will still be increased demand for more efficient composite structure 
aircraft. 
1.2 Advancements in Manufacturing Methods 
Improvements in manufacturing methods is a prime reason for the increased demand for 
composite materials. When composites were first introduced the main manufacturing 
methods used were autoclave processing or resin infusion. Autoclaves are large 
pressurised ovens used to manufacture high performance composite materials (Figure 
1-3). Fibres pre-impregnated (pre-preg) with resin are positioned onto a tool surface, the 
preform then has consumables such as vacuum bag, breather, release film and peel ply 
placed over it (Figure 1-4). The tool is inserted into an autoclave and the component is 
consolidated at an elevated temperature and pressure. The elevated temperature cures the 
resin, in the case of thermosets, or melts the thermoplastic resin to allow sufficient flow 
for consolidation. The elevated pressure consolidates layers together and presses out 
pockets of air or voids. Autoclave processing has a high initial equipment investment cost, 
accompanied by high running and energy cost for heating and pressurising the autoclave. 
All of these factors mean that autoclave processing was only viable to high value sectors.  
 
Figure 1-3 : Example of a large scale autoclave with tool inserted [9]. 
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Other laminate manufacturing methods include liquid resin infusion process where dry 
fibre preforms are infused with resin to form a laminate. Fibres are placed into a mould 
and enclosed within a vacuum bag, a vacuum is drawn and resin is infused into dry fibres. 
Resin infusion has the benefit of having a lower initial set up cost and is not as energy 
intensive as autoclave processing. However, similar to autoclave processing, resin 
infusion has high material waste with resin infusion mesh, peel ply, and vacuum bags 
being discarded after each infusion. Resin infusion also has a high labour cost. 
Furthermore, void content tends to be higher with resin infusion as consolidation occurs 
at lower pressure than autoclave processing. The lower pressure is unable to press out the 
pockets of air which in turn lowers the strength of the composite component.  
 
Figure 1-4: Examples of consumables used in autoclave processing and resin 
infusion [10] 
Automated Tape Placement (ATP) or Automated Fibre Placement (AFP) is a relatively 
new manufacturing method of composite materials. Composite laminates manufactured 
by hand lay-up followed by a consolidation process tend to have a number of variabilities 
in quality resulting from the manual lay-up process. Automated fabrication processes, 
such as ATP, are an effective solution to address these problems, providing repeatable 
and improved quality laminates [11]. Automated processes traditionally comprise a robot 
and a processing head (Figure 1-5 (a) & Figure 1-6). The processing head works by 
feeding a pre-preg tape under a consolidation roller. Before roller compaction, the tape is 
heated using a heat source (Figure 1-5 (b)). Heat sources include hot gas torch, laser or 
infrared transmitter. In the case of thermoset tapes, the heat source reduces viscosity and 
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increases tackiness of the tape to assist with placement. For thermoplastic, the heat source 
melts the resin so the tape can be placed and consolidated in one step. For thermoset tapes 
ATP only places the tapes into position. A secondary processing step is required, where 
the positioned tapes would be cured in an autoclave as thermosets need prolonged 
exposure to high temperatures to cure. 
 
Figure 1-5(a): ATP head connected to KUKA Robot, (b): Schematic of ATP process. 
ATP has a number of advantages including automation, high repeatability and good 
accuracy. An ATP head is also capable of laying down curvilinear tow paths, enabling 
the production of variable angle tow (VAT) laminates. The disadvantage of the ATP 
system is the large initial set-up cost. In addition, early ATP systems were only used with 
epoxy pre-preg tapes, which could not be cured during the lay-up process. The laid up 
part would have to be autoclave processed afterwards.  
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Figure 1-6: Automated Tape Placement machine placing pre-preg tapes onto mould 
[12] 
1.3 Resin Systems 
Thermoset resins are currently the most used matrix material in fibre-reinforced 
composites. In particular, epoxies, which have favourable properties such as high strength, 
durability and chemical resistance, have found significant application in aerospace grade 
composites. The disadvantage of thermoset composite materials is their relatively long 
gel time, even at elevated temperatures. The standard dwell time in an autoclave process 
for thermoset composites can be up to 2 hours, this time is required to allow the polymer 
cure, i.e. allow the crosslinking of the polymer chains (Figure 1-7). Crosslinking also 
means that once thermosets are cured, they cannot be reprocessed or used again, making 
them very difficult to recycle. Thermosets require frozen storage, to slow the crosslinking 
process and increase shelf life, which adds to the overall process cost.  
During the 1980s, three distinct disadvantages became apparent with the use of 
thermosetting resins; brittleness, sensitivity to moisture and slow manufacturing 
processes. This led to extensive research being completed to find a thermoplastic 
alternative, resulting in the introduction of APC-2, a pre-impregnated carbon fibre-
reinforced Polyether ether ketone (PEEK), a high temperature semi-crystalline polymer, 
in continuous tape form. APC-2 offered a solution to issues of brittleness and sensitivity 
to moisture of thermoset resins. This further encouraged research and development in 
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thermoplastic resin systems. Thermoplastics do not require frozen storage and, as 
chemical crosslinking does not occur with thermoplastics, they can be re-processed i.e. 
recycled. One disadvantage is that thermoplastics, such as PEEK, require much higher 
processing temperatures compared to epoxy resins (PEEK requires 380-400 °C while 
epoxies typical require 180 °C). The high temperatures required for thermoplastic 
composites are considered prohibitive for conventional composite processing methods 
due to the higher energy costs and specialist consumables required, particularly for 
autoclave processing. However, Laser-assisted ATP (LATP) processing has made it 
easier to process high temperature composite systems, such as PEEK. LATP allows in-
situ consolidation of thermoplastic composites, eliminating a secondary processing step. 
This greatly increases the efficiency composite structure production, by reducing labour 
and energy costs, as well as reducing the amount of consumables waste produced. While 
the cost of the thermoplastic composite material can be higher than that of a thermoset 
based material system, a greater percentage of the overall cost of the process is going 
directly into the structure.   
 
Figure 1-7: Polymer chains of thermoplastic and thermoset with cross-linking [13] 
1.4 Variable Stiffness Laminates 
LATP processing is a relatively new composite processing technique, as such there is still 
considerable research and development work required for this method. In particular, little 
work has been carried out on the use of LATP to produce Variable Angle Tow (VAT) 
laminates using thermoplastic composites. With the introduction of ATP came a new 
design space, allowing the varying of the angle/stiffness within a layer. Composites are 
generally composed of different layers (plies) and within each layer all fibres are oriented 
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in straight lines (Figure 1-8 (a)). With the introduction of ATP it has been possible to 
process layers with curvilinear fibre paths to give variable stiffness (Figure 1-8 (b)). 
Fibres could be steered in certain directions to direct loads away from stress 
concentrations. One example of this is aircraft windows; fibres can be steered around the 
window to direct loads around the cut-out, reducing the stress concentration and 
eliminating fibre cuts that weaken the fuselage. Up to 2018, very little research was 
completed on the production of variable stiffness laminates with thermoplastic 
composites. Many studies [11, 14-19] have been completed on the manufacture of steered 
laminates with thermoset pre-preg tapes, but as mentioned previously, thermoplastics 
have a number of advantages over thermosets.  
Further work is required in the area of steering with thermoplastic pre-preg tapes. It is 
important to understand how carbon fibre/thermoplastic tapes behave when they are 
processed in a curvilinear path. Manufacturing limitations require investigation such as 
steering radius and lay-down speed. The effect that these manufacturing parameters have 
on mechanical properties also needs to be investigated. 
 
Figure 1-8: Examples of traditional Straight fibre laminae Vs. Steered Laminae 
Variable stiffness laminates do have disadvantages; primarily, the difficulty in 
eliminating gaps and overlaps between neighbouring tape paths. When steering pre-preg 
tapes there is a mismatch in steering radii between the inner side of the pre-preg tape and 
the outer side. This mismatch results in gaps and overlaps occurring in the finished 
laminate (Figure 1-9). Gaps and overlaps represent a source of flaws and defects (e.g. 
delaminations), affecting the shape (thickness) and the mechanical properties of the final 




   
 
Figure 1-9: Example of gaps caused by the difference of the steering radii of the 
inner and outer edge of tapes [21]. 
1.5 Eliminating Gaps & Overlaps.  
Techniques have been developed which have the ability to eliminate gaps and overlaps 
when manufacturing VAT composites. These include Continuous Tow Shearing (CTS) 
and Tailored Fibre Placement (TFP) [21]. CTS utilizes the ability to shear tapes in a 
staggered manner to create a curvilinear path. CTS is primarily used on thermoset pre-
preg tapes, while TFP utilizes dry fibres which are much easier to steer as they have no 
resin confining the fibres, which induces stress in the tape. However, because of the 
material systems involved, both of these methods still require a secondary processing step. 
One possible solution to the overlap and gap problem is to vary the width of thermoplastic 
pre-preg tapes as they are being processed with an ATP machine. A small device would 
be fitted to the automated tape placement machine, which would apply heat and pressure 
to the carbon fibre/thermoplastic tape (Figure 1-10). Gaps would be eliminated by varying 
the width of the tape, resulting in tapes that tessellate.  
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Figure 1-10: (a) Design of spreading device and (b) how it would be implemented on 
an ATP head 
Spreading could also improve the manufacture of doubly curved surfaces such as domes. 
Doubly curved structures are difficult to manufacture as they have varying surface area. 
To explain, examine the hemisphere in Figure 1-11, which comprises lenticular sections 
which vary in width. These sections need to vary in width to efficiently cover the surface 
without overlaps or gaps. Current manufacturing methods struggle to produce doubly 
curved components efficiently, as they use rolls of fabric or tapes that are constant width 
to cover a doubly curved surface. When they use constant width material, they need to 
use overlaps, which add unnecessary weight. Another option is to cut the material to cover 
the surface, resulting in fibre cuts, which reduce strength. Using variable-width carbon 
fibre tapes to cover a doubly curved surface would increase structural efficiency.  
 




   
An additional benefit with spreading is that it provides a further design space. Volume is 
conserved when varying the width of pre-preg tapes, so with an increase in width comes 
a decrease in thickness. This adds extra design scope as thickness can be varied. This 
could be beneficial in laminates with varying stress fields. In areas where stress is higher, 
the thickness of the tapes would be thicker to add strength, while in areas of lower stress, 
tapes could be thinner to save on weight.  
1.6 Focus of Thesis 
To summarise, composites have experienced a large growth in the last four decades and 
will continue to do so in the future. Transport systems are required to be more efficient 
and to produce lower emissions. Composite materials can assist in these requirements due 
to their excellent specific strength and stiffness relative to traditional metallic materials. 
Advanced manufacturing methods such as steering and spreading allow more innovative 
structural design solutions to be adopted, allowing the production of more efficient 
composite structures, further reducing fuel consumption. With increasing applications for 
composite structures, faster processing methods are required to keep up with demand. 
Automated processes will be a key enabling technology to allow faster production. Not 
only is there a demand to lower the environmental impact of transport systems through 
the use of composites, there is a demand to reduce the environmental impact of 
composites themselves. Thermoplastics have many advantages over thermosets in this 
area, they are reusable and also require less energy to manufacture as they do not need 
energy intensive freezers or autoclaves.   
To date, little research has been completed on advanced manufacturing methods such as 
steering and spreading with thermoplastic pre-preg tapes. This thesis focuses on this gap 
in the research. Novel aspects addressed include the first in depth study related to steering 
Carbon fibre/thermoplastic pre-preg tapes. Limitations such as steering radius, lay-down 
rate and material supplier are investigated. The novelty of steering Carbon 
fibre/Thermoplastic pre-preg tapes is advanced further in an additional study by designing, 
manufacturing and testing a carbon fibre/PEEK wingbox. Steered sections are 
incorporated between stiffened sections of the wingbox in order to increase the buckling 
load of the full scale component.  
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A research question which arose from the wingbox study was the presence of gaps 
between steered sections and the benefits of eliminating them. Two studies follow which 
present the design and testing of an inventive spreading technique which has the ability 
to eliminate gaps between neighbouring steered tows. The first study presents the initial 
design and investigates the effect that the spreading technique has on mechanical 
properties at tape level. While the second study advances the concept further by 
investigating the effect of spreading at laminate level. Combining advanced 
manufacturing methods (steering, spreading) with thermoplastic tapes and LATP 
processing can address some composite structure processing issues, allowing the 
development of structurally efficient components that are more environmentally friendly 
and can be manufactured at a rate to match the demand from industry. 
1.7 Objectives 
There is large scope for research on processing thermoplastic pre-preg tapes with LATP. 
To the author’s knowledge, little work has been completed in the area of producing 
variable stiffness laminates with thermoplastic pre-preg tapes. The research in this thesis 
details the efforts by the author to further the development of efficient processing 
technology to enable the production of innovative thermoplastic variable stiffness 
composite structures. To achieve this aim, the following tasks were set: 
1. To investigate the possibility of processing carbon fibre/PEEK tapes in a 
curvilinear path. 
2. To examine the limitations of processing tapes in a curvilinear path, i.e. steering 
radius and lay-down speed. 
3. To characterise the mechanical performance of steered carbon fibre/PEEK tapes 
focusing on geometrical properties and the quality of the bond between the steered 
tape and the substrate. 
4. To investigate the concept of using spreading to eliminate gaps between 
neighbouring steered tows. Also, examining how spreading could be utilized to 
improve the structural efficiency of doubly curved structures. 
5. To examine the effect that spreading has on the quality of physical properties of 
carbon fibre/PEEK tapes (volume, fibre volume content, crystallinity). 
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6. To identify the effect that spreading has on the performance of carbon fibre/PEEK 
tapes at laminate level, by manufacturing and testing test samples from spread 
tapes and comparing them to samples manufactured from as-received tape. 
1.8 Research Methodology & Thesis Outline 
This thesis aims to investigate the possibility of producing complex carbon fibre/PEEK 
components (variable stiffness laminates, doubly curved structures) using advanced 
manufacturing methods (steering, spreading) with laser assisted tape placement.  
Chapter 2 contains a literature review of previous research completed in the field of 
manufacturing VAT composites with ATP. Benefits of VAT are discussed, while also 
highlighting gaps in research to advance VAT further. Processing parameters of carbon 
fibre/PEEK laminates are also detailed to get a better understanding of the manufacturing 
process. 
Initial work focused on a proof of concept to determine the possibility of steering carbon 
fibre/PEEK pre-preg tapes using a simple manual set-up (Figure 1-12 (a)). A heat gun 
was used to melt the carbon fibre/PEEK tape and the tape was manipulated in a curvilinear 
path by hand while being consolidated into place using a steel roller. These trials showed 
it was possible to steer thermoplastic tapes, which made it viable to advance research 
further and steer with a LATP machine (Figure 1-12 (b)). The LATP machine was 
programmed to process tape in a curvilinear path and to produce steered samples (Figure 
1-12(c)). Samples were produced using different lay-down speeds and steering radii. 
Characterisation tests were then undertaken to examine how different processing 
parameters affected the geometry and bond strength of steered tapes. Details of this work 
are presented in Chapter 3. 
Simultaneously, the benefits of steering on a full scale carbon fibre/PEEK wingbox 
(Figure 1-12 (d)) were also investigated. The purpose of this study was to examine 
whether VAT could be incorporated into a full scale demonstrator that was manufactured 
without the use of an autoclave. Chapter 4 outlines the design, manufacture and test of 
the in-situ consolidated thermoplastic variable-stiffness wingbox. VAT sections were 
incorporated into the skin between omega stiffeners of the wingbox using LATP. The 
main objective was to investigate whether the VAT sections direct loads away from the 
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unsupported skin and towards the stronger stiffened skin. The wingbox was tested using 
a purpose built test frame. Shear, bending and torsion loads similar to those experienced 
during service where applied to the wingbox to examine whether the VAT sections 
improve the performance of the wingbox when compared to a constant fibre angle 
wingbox. 
Gaps between neighbouring VAT sections were known defects on the CF/PEEK wingbox. 
Gaps are a potential problem as they create fibre waviness when subsequent layers are 
placed on top of them. Fibre waviness reduces stiffness of composite components. Gaps 
are caused by the mismatch of steering radius between the inner and outer radius of 
neighbouring pre-preg tapes. One of the questions that arose from the wingbox test was 
whether structural performance would improve if gaps could be eliminated. This was the 
motivation to eliminate gaps by spreading i.e. varying the width of the tape as it is being 
steered.  
Chapter 5 introduces the concept of spreading carbon fibre/PEEK pre-preg tapes for the 
improved manufacture of steered laminates and complex components such as doubly 
curved structures. Once again a proof of concept was completed to see if spreading was 
possible. This was done with a simple manual set up (Figure 1-12 (e)) where a heated 
platen was used to heat the tapes above its melt temperature and a weight attached to a 
compaction shoe was used to compress the tape. Tapes were then pulled under the 
compaction shoe to see if the concept worked. Trials showed it was possible to spread 
pre-preg tapes. 
At this stage, it was unknown whether spreading was adversely affecting the performance 
of carbon fibre/thermoplastic pre-preg tapes. Chapter 6 investigates mechanical 
characterisation of spread carbon fibre/PEEK pre-preg tapes. It was decided to produce 
samples from spread tapes (Figure 1-12 (f)) and characterise them to examine if spreading 
affected their microstructure. Characterisation tests included analysis of void content, 
degree of crystallinity, fibre alignment, tensile strength and modulus, flexure strength and 
modulus and interlaminar shear strength.  
Main conclusions are outlined in Chapter 7, while future work and recommendations are 
presented in Chapter 8. 
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Figure 1-12: (a) Steering proof of concept, (b) LATP set-up, (c) Steering trials, (d) 
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Chapter 2: State of the Art 
2.1 Introduction 
A review of the state-of-the-art on manufacturing Variable Angle Tow (VAT) laminates 
helps provide context for the current scope of work. First, background information on 
VAT laminates and their benefits are discussed. Studies involving manufacture of VAT 
laminates are critiqued, focusing on the methods used and their outcomes. Shortcomings 
of these studies are highlighted particularly with respect to the matrix material. It is shown 
that the majority of studies which manufactured VAT components used thermoset resin 
systems, while there is great unfulfilled potential in utilising thermoplastic resins. A 
comparison between thermosets and thermoplastic is made, highlighting the advantages 
and disadvantages of both. Furthermore, it is highlighted that little research has been 
completed in the area of optimising manufacturing parameters for production of VAT 
laminates. Additionally, issues with steering are reviewed particularly in the area of gaps 
and overlaps. Studies which focus on reducing the effect of gaps and overlaps are 
summarised along with limitations of the research which should be addressed to improve 
the performance of VAT components. Finally, information on studies which focus on the 
manufacture of thermoplastic composites is presented. A particular focus is placed on the 
processing parameters used and the effect they have on the properties of thermoplastic 
composites. This information is vital to produce structurally efficient thermoplastic VAT 
composites  
2.1 Variable Angle Tow 
2.1.1 Background 
Composite laminates can be tailored to provide the best response under prescribed load.  
Initially, tailoring of composites was achieved by varying the orientation of straight fibres 
or the total thickness of the laminate [1]. An example of this is displayed in Figure 2-1. 
A quasi-isotropic lay-up, which uses layers of fibres orientated in 0°, ±45° & 90°, is 
commonly used, as the resulting laminate has high levels of uniform strength and constant 
stiffness for in-plane loading. 
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Figure 2-1: Traditional Laminate composed of straight fibre laminae [2] 
The anisotropic properties of fibre-reinforced composites have not been yet fully 
exploited [3]. However, developments of manufacturing techniques during the 1980s 
such as the introduction of Automated Tape Placement (ATP) made it possible to produce 
Variable Angle Tow (VAT) laminae. Fibres could be laid into position with curvilinear 
trajectories similar to Figure 2-2.   
 
Figure 2-2: Fibres orientated in a curvilinear trajectory [4] 
2.2 Benefits of Variable Angle Tow 
2.2.1 Improved stress distribution around Cut-outs 
VAT is beneficial as it allows the alignment of fibres to the desired structural load path. 
It has been demonstrated that curvilinear fibre paths can be optimized to increase laminate 
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structural performance compared to equivalent straight fibre laminates.  Hyer et al. [5-7] 
completed a series of studies during the early 1990s, which investigated the benefits of 
VAT in panels with circular cut-outs (Figure 2-3). The aim of these studies was to 
increase the structural efficiency of aircraft structures with windows or access hatches. 
The first two studies completed numerical work which focused on the benefit of VAT. 
By examining the stress resultant contours, it is shown how the curvilinear fibres 
redistribute the load away from the unsupported hole region of the plate to the supported 
edges, thus increasing the overall strength without increasing weight. The third study by 
Hyer et al. completed an experimental analysis. Samples with a circular cut-out were 
manufactured both with a straight fibre, quasi-isotropic lay-up (±45/03/90/02)s and 
curvilinear fibres (±45/C2/0/90/C2)s, where C denotes a layer of curvilinear fibres. 
Samples were tested in compression and tension. Results showed that panels with 
curvilinear fibres had a 13% increase in compressive buckling compared to the straight 
fibre quasi-isotropic panel. Tensile test results showed a drop of 37% in tensile strength 
in the curvilinear panel. However, Hyer et al. [5] state that the lower tensile capacity 
reflects a weakness in the curvilinear design, as the panel was optimized for buckling, 
and not a weakness in the overall concept of the curvilinear fibre format.  
 
Figure 2-3: Steering around Cut outs [9] 
Crothers et al. [8] further investigated VAT around cut-outs by using a process based on 
embroidery technology called Tailored Fibre Placement (TFP). Several different design 
and manufacturing variations were tested in open-hole tension and bearing loading using 
a bolt in double-shear. A 45% increase in load occurred when using VAT for open-hole 
tension. Tosh and Kelly [9] advanced this concept further by using an improved method 
for plotting tow trajectories to better align to the principal stresses. Specimens containing 
an open hole and a specimen with a pin-loaded hole were tested. Specific strength 
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increases of 62 and 85%, respectively, were achieved when compared to straight fibre 
equivalents.  
More recently Khani et al. [10] completed a study where 3 laminates were manufactured 
with a Coriolis fibre placement machine with thermoset pre-preg material followed with 
an autoclave curing cycle. Laminates were manufactured to represent the lower-skin of a 
wing with a large access hole. The first of the three laminates had a quasi-isotropic lay-
up, the second an optimised straight fibre lay-up and the third an optimised variable 
stiffness lay-up. The three laminates were tested in tension and the following ultimate 
failure loads were recorded, 569 kN for quasi-isotropic laminate, 777 kN for optimised 
straight fibre laminate, and 1051 kN for the optimised variable stiffness laminate.  These 
results show that the variable stiffness laminate is capable of sustaining significantly 
larger loads before failure. 
2.2.2 Improved buckling performance 
VAT trajectories can also improve the buckling strength and post buckling-behaviour of 
composite structures by redistributing loads [4, 9-12]. Buckling performance is often the 
primary design criterion on primary fibre-reinforced structures as fibres will experience 
failure in compression before failure in tension. Olmedo & Gurdal [13] were one of the 
first to show the benefits of VAT improving the buckling performance of composite 
structures. The study completed a numerical analysis of buckling on flat composite plates 
using the Ritz method approach. Improvements of 80% in the buckling load were found 
when compared to straight fibre configurations. Other studies [14-18] completed 
numerical analysis of VAT applied to flat panels and cylinders. All showed improved 
buckling performance with VAT, but none validated their predictions using experimental 
test specimens 
Wu et al. [19] completed one of the first experimental studies of VAT flat panels. The 
study showed the benefits of fibre steering on the mechanical performance of laminates 
by completing a comparison of constant fibre composite laminates and VAT laminates. 
Laminates were manufactured from AS4/977-3 graphite-epoxy pre-preg material using 
automated fibre placement. Two variable stiffness laminates with curvilinear layers were 
produced with the following lay-up, [±45/ (90±<30|60>)4]s, where (90+<30|60>) notation 
designates one variable stiffness ply. These were compared with a traditional straight fibre 
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laminate [±45]5s. One VAT laminate had overlapping sections and the other gap sections 
as shown in Figure 2-4. Compression tests were completed on the three laminates. 
Experimental data showed that the panel with gaps has a buckling load of almost 2.5 times 
that of the baseline laminate. In addition, the buckling load for the panel with overlaps is 
3.6 times of the baseline panel. Failure loads of the variable stiffness panels are between 
1 and 1.5 times the baseline panel failure load. Weaver et al. [20] completed a similar 
study where VAT flat plates were manufactured using a tow placement machine to 
position dry fibres. Resin infusion film was used to impregnate the dry fibres with a 
thermoset resin. VAT samples were tested in compression and compared to straight fibre 
samples. Results showed a 20% relative stiffness enhancement, as well as a 30% 
improvement in buckling load and reduced out-of-plane deflection in the VAT laminates 
when compared to the straight fibre laminates. 
 
Figure 2-4: VAT laminates (a) with gaps, (b) with overlaps [18] 
A study completed by Rouhi et al. [21] investigated the improved buckling performance 
of VAT in cylindrical shells. First an optimization study was completed to calculate the 
most efficient fibre paths for a quasi-isotropic constant stiffness and a variable stiffness 
cylinder. Once the fibre angles were determined, fibre placement of both cylinders was 
completed by ATP using carbon fibre/epoxy pre-preg tows. The cylinders were then 
vacuum bagged and cured in an autoclave. The cylinders were tested in bending to assess 
their bending-buckling performance. The bending tests showed a 18.5% improvement in 
buckling load for the variable stiffness cylinder compared to its straight fibre counterpart. 
However, the finite element analysis which was completed predicted a 28% improvement 
in buckling load. The manufacturing defects such as the steering-induced waviness of 
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tows were present in the variable stiffness cylinder and thought to be the reason for the 
buckling improvement not reaching to its predicted value.  
2.2.3 Improved Aeroelastic tailoring 
Another benefit of variable stiffness is aeroelastic tailoring. The aim of aeroelastic 
tailoring is to improve the aircraft performance in a passive manner, by concurrently 
optimizing the structural and aerodynamic behaviours. Other aeroelastic tailoring 
objectives include: weight reduction, drag reduction, improved gust response and 
optimum flutter characteristics [22]. 
A number of analytical studies were completed which investigated in the benefit of 
variable angle tow for improved aeroelastic tailoring [22-26]. The investigations 
researched the improvements in aeroelastic performance by completing a number of 
computational models for both variable stiffness wings and compared them to constant 
stiffness wings. Stodiek et al. [22] investigated the effect tow-steered composites have on 
the aeroelastic behaviour of an idealised wing using a simple composite plate model 
coupled with modified strip theory aerodynamics. Similar models have been used to study 
the behaviour of unidirectional (UD) laminated wings. The VAT laminates increased the 
instability airspeed by up to 7% compared to optimized UD laminates, and by 13% 
compared to optimized UD laminates with standard (0°/±45°/90°) plies. Compared to 
optimized UD laminates, VAT laminates also reduced the peak wing root gust loads (up 
to 52%) and the correlated gust loads (up to 24%). Experimental validation was 
completed in [27] by Stodiek et al..  A scaled VAT wing was produced using carbon 
fibre/epoxy pre-preg tapes. This VAT wing was then compared to a constant fibre wing. 
Results showed good correlation with the computational models, showing the improved 
performance was achievable in a manufactured wing. 
2.3 Manufacturing Studies  
For all previous studies where VAT composite structures were manufactured, all used an 
automated machine to steer dry fibres or thermoset pre-preg tapes. As a result, all 
laminates produced required a secondary processing step to achieve full consolidation. 
Dry fibre preforms require an infusion step to produce the final laminate, while thermoset 
pre-preg tapes need to be cured in an autoclave. Table 2-1 summarizes previous studies 
which manufactured VAT laminates and the process used. 
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No studies utilize the potential of thermoplastic resin systems to produce VAT laminates. 
In-situ consolidation is possible with thermoplastic composite tapes and laser-assisted 
automated tape placement (LATP). In-situ consolidation eliminates the need for a 
secondary processing step, saving processing costs, consumables and most importantly 
time.    
2.4 Thermoplastics Vs Thermosets 
As previously mentioned, of the studies that produced VAT structures all did so using 
thermoset resins. The composite material’s matrix (resin) is important as it transfers loads 
to the fibres and is critical in compression loading, preventing premature failure due to 
fibre buckling. The matrix also provides the composite with fracture toughness, damage 
tolerance and protection against impact and abrasion [31]. The properties of the matrix 
also determine the maximum service temperature, resistance to fluids, thermal and 
oxidative stability. Thermoplastic resin systems have not yet been considered for the 
production of VAT components, but can offer many advantages.  
In 1990 thermoplastic composites represented about 3% of the total market for polymer 
matrix structural composites [32]. The greater part of matrix composites in-service are 
based on cross-linkable thermosetting resins. Of these, epoxy resins are the most prolific 
representatives. Initially many attempts were made to produce thermoplastic resins for 
use in the aircraft industry, however tape production processes were not capable of 
producing suitable thermoplastic pre-preg tapes. Solvents were used to produce low 
viscosity polymer solutions which could wet out dry fibres. However, it proved difficult 
to remove these solvents afterwards which reduced the mechanical performance of 
components. Therefore, low viscosity epoxies were used as they could provide excellent 
wetting of fibres and also had favourable mechanical properties.  
When examining thermosets and thermoplastics an accurate description of their chemical 
construction is required to understand how they obtain their mechanical properties. As 
previously mentioned in Section 1.3, thermosets use polymer crosslinking to obtain 
strength, while thermoplastics acquire their strength from entanglement of long polymer 
chains which act as a temporary crosslink [32]. While polymer cross-linking of 
thermosets provides high strength, it means the polymer chains are not free to move past 
each other. Thermosets only have the option to be strong or to break, this characteristic is 
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why thermosets are brittle. The polymer chains of a thermoplastic matrix are not fixed by 
their chemical structure. They are free to slide past each other when subjected to stress, 
dissipating energy locally and resulting in a more ductile matrix. Some thermoplastic 
polymer chains also have the ability to pack tightly together forming a semi-crystalline 
structure. This mechanism provides an effective crosslink in the system which enhances 
strength [32]. This crystalline network also provides resistance to hostile agents. 
Numerous studies have been completed which compared thermosets to thermoplastic, the 
advantages and disadvantages can be summed up into three categories; pre-preg 
production, composite fabrication and mechanical properties. A full breakdown of the 




   
Table 2-2: Comparison of Thermosets (TS) and Thermoplastic (TP) 
Production of Pre-Preg 
Aspect Advantage Reason 
Viscosity TS 
Lower Viscosity, better 
wetting of fibres [32] 
Solvents TS 
Greater choice, some of 






Frozen storage not 
required and unlimited 
shelf life [32, 33] 
Composite Fabrication 
Cycle time TP 
Prolonged exposure to 
processing temperature 





TS Lower temp required 
Lay-up TS 
Softer when un-cured 
making it easier to drape 




result in higher resistance 
to loads [31] 
Strain to failure TP 
Absence of crosslinking 
allows monomers to slide 
past each other [31] 
Fatigue TP More ductile material 
Fracture toughness TP 
Semi-crystalline structure 
which can be tuned to 
have higher fracture 
toughness 
Resistance to harsh 
environments 
TP 
Absorbs less moisture and 
other toxic fluids such as 





   
Table 2-2 highlights that thermoplastics do have many advantages over thermosets, 
especially when it comes to composite fabrication and mechanical properties. 
Thermoplastics are less demanding of energy requirements when it comes to 
manufacturing. Thermoplastics do not require high energy consumption freezers and 
autoclaves. Furthermore, thermoplastic would be more time efficient as in-situ 
consolidation is possible with laser-assisted ATP or hot gas processing. Thermoplastic 
would also be more environmentally friendly as consumables (vacuum bag membrane, 
peel ply, tacky tape, release film) required to cure thermoset resin are not needed. One 
notable limitation with thermoplastic resins is availability of sizing. Due to carbon fibres' 
brittle nature, fuzz occurs on the surface of the fibres during weaving or winding 
processing [34]. Sizing is applied to the fibres to prevent damage but also helps with 
wettability which creates a strong interphase region. Most common sizings are epoxy 
based, meaning they are not compatible with thermoplastic due to different chemical 
mechanisms and also are not thermally stable at higher processing temperatures required 
to process some thermoplastic pre-pregs. Styrene-acrylic sizings are available which are 
suitable for the processing temperatures of thermoplastics but they do not provide the 
same protection to fibres as epoxy sizings. In some case the resin of a pre-preg tape is 
used as a sizing to protect the fibres but this results in weaker interphase region when 
compared to epoxy based sizing [34].    
2.5 Steering with thermoplastics 
2.5.1 Issues with steering thermoplastics 
Steering with thermoplastic pre-preg tapes is different to thermosets as the thermoplastic 
resin is in a solid state, while in thermosets pre-preg tapes the resin is in a viscous state. 
The viscous state allows the fibres to shear past each other while steering the thermoset 
pre-preg tow, lowering residual stresses that may be present in the final component. 
Thermoplastic resins confine the fibres more than thermoset resins while steering, not 
allowing them to shear past each other, except in the localised processing area where the 
resin is melted/softened due to the heat source. This results in residual stresses building 
up which will result in defects. 
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2.5.2 Potential benefits of steering thermoplastic 
Bakhashi & Hojjati [35] states that tackiness is the main mechanism that prevents steering 
defects such as fibre buckling and fibre pull-up. Thermoplastics have an added benefit as 
they are consolidated in place while steered. If cooling of the melted thermoplastic is 
rapid the tape is consolidated in place once the compaction roller has passed. The stresses 
induced due to steering would not be able to overcome the bond strength of the tape, 
therefore reducing defects induced by steering. 
2.6 Previous studies completed 
The majority of studies completed investigating VAT laminates focused on using 
thermoset resins or dry fibre. Little investigation has been completed with steering of 
carbon fibre/thermoplastic pre-preg tape. A study completed by Accudyne systems [36] 
showed a tow steered panel was successfully completed with in-situ consolidation of 
carbon fibre/PEEK tows. A minimum radius of 1270 mm was achieved by laying twelve 
6.35 mm tapes at one time with a hot gas torch ATP machine, an image of the steered 
samples from this study is shown in Figure 2-5. Little is mentioned of the steering process 
and no characterisation of the steered tows was completed.  
Fraunhofer IPT [37] developed a process to manufacture VAT laminates, which enables 
the placement of curved paths without warpage and distortion of the tape. This method 




   
 
Figure 2-5: Steering using Carbon Fibre/Thermoplastic pre-preg tapes [36] 
2.7 Optimizing manufacturing parameters. 
As previously mentioned, limited studies have been completed on the manufacture of 
structures with VAT trajectories. Most VAT composites produced were component level 
structures (flat plate, flat plate with cut-out, cylinder). These studies investigated the 
overall benefit of VAT, few studies investigated the effect that manufacturing parameters 
have on the quality of the degree of bonding of steered tows. In 2015, Lozano et al. [3] 
completed a review of VAT structure manufacturing studies to highlight gaps and 
research needs. The review concluded that structural optimisation had been extensively 
studied but little work had been carried out on manufacturing optimisation. Of the 
manufacturing optimisation studies completed, the main constraint investigated was the 
minimum turning radius. Essentially, trial and error was used to find the critical steering 
radius that resulted in a defect-free layup.  Two studies [19, 30] investigated the effect on 
gaps and overlaps.  
Lozano et al. highlight that further work is required on the manufacturing parameters, 
such as lay down rate, pressure and cycle time to enhance the performance of VAT 
laminates. As well as to give more information on whether variable stiffness designs 
obtained from structural optimisation studies are actually possible to manufacture. Since 
the publication of the Lozano et al. review, two separate studies were completed which 
addressed some of the gaps highlighted. The first, by Chen et al. [38], investigated the 
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impact of layup rate on the quality of fibre steering in automated fibre placement 
processes. The effect that lay-down rate had on the quality of the finished part was 
studied, focusing on wrinkle formation and fibre pull-up. In addition, the effect of arc 
length was examined for processing tows in a curvilinear trajectory. An example of this 
is shown in Figure 1-6. This essentially analyses the effect of radius of curvature on 
steered tapes. Pre-preg tow pulled up and fibre slipping problems were observed, even at 
a low layup speed at smaller arc lengths. They were not as prevalent at higher values of 
radius of curvature. This could be attributed to the internal stress caused by fibre tension. 
Results of steering trials showed that speeds as low as 1.5 m/min are required to obtain a 
sufficient degree of bonding to prevent pre-preg tape experiencing fibre pull-up.  
 
Figure 2-6: Example of Varying the arc length [38]. 
A second study by Bakhshi and Hojata [35], completed an extensive investigation into 
the effect of processing parameters when steering thermoset pre-preg tapes using hot gas 
ATP. During lay-up experiments, steering radius, layup speed, compaction force, hot gas 
(nitrogen) temperature and flow rate were altered to identify their effects on the steered 
tow quality and specifically the different defects that appeared in the steered tows. The 
pre-preg tows were steered in the range of 558.8 – 2032 mm radius, the head speed was 
between 50 and 140 mm/s, the compaction force was between 111 and 311 N, nitrogen 
temperature was varied from 210–270 °C and nitrogen flow rate was 75–100 l/s. Nitrogen 
is used instead of air to prevent oxidation on the surface at elevated temperatures. 
Temperature was shown to have an effect on defect formation. As process temperature is 
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increased to achieve appropriate tack levels, the resin viscosity is decreased. 
Consequently, the fibres can elastically micro-buckle under compression and form a 
sinusoidal shape. It was found that having too high a temperature and too low a layup 
speed at the same time does not result in adequate layup quality. The low viscosity of the 
resin and the low speed give the fibres the opportunity to deviate from the prescribed 
curvilinear path and cause shearing between the resin and fibres, resulting in poor overall 
quality. Low compaction force does not provide the intimate contact required for 
achieving the adequate tack levels, this causes the tow to bridge (or not stick at all). 
Conversely, too high a compaction force causes the pre-preg resin to excessively stretch 
during the deposition process. After the load is released, i.e. after the compaction roller 
has passed, the resin wants to contract causing the shear contribution of the mixed mode 
failure occurring at the interface to increase, resulting in tow bridging. Common defects 
formed during tow steering are out-of-plane wrinkling, at the inside edge of the pre-preg 
tow, and blisters at the middle of the tow-width. As the steering radius decreases, the 
compressive stress at the inside edge of the pre-preg tow increases. Consequently, a 
critical steering radius exists at which the pre-preg tack cannot support the compressed 
fibres anymore and out-of-plane buckling occurs to relieve the residual stress. 
From reviewing the literature, limited work has been completed on the optimization of 
VAT composite manufacture. Researchers that have investigated manufacturing 
parameters have done so with thermoset pre-preg tape. As mentioned previously, this 
requires a secondary processing step. No studies have being completed which examine 
the effect that processing parameters have on manufacturing thermoplastic VAT 
composites. 
2.8 Issues with steering 
From the literature, a number of issues have being identified with the fibre steering 
process that are summarised in the following sections. Gaps and overlaps are defects of 
the biggest concern as they are harder to eliminate, studies which try to reduce the effect 
of gaps and overlaps are also discussed.  
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2.8.1 Defects 
While manufacturing VAT laminates, in-plane bending deformation of the tow is required 
to achieve a curved path [39]. A tight steering radius causes excessive in-plane bending. 
The tows tend to wrinkle/buckle out-of-plane, which leads to imperfections and degrades 
the structural load-carrying capability of the cured laminate [16]. Defects caused by 
excessive steering include fibre wrinkling, fibre buckling and fibre pull-up. Fibre 
wrinkling (Figure 2-7 (a)) is the first defect that will occur once the steering radius 
becomes too severe. As the steering radius decreases the compression forces on the inner 
curve of the tape begin to increase, causing the fibres to wrinkle. 
Fibre buckling (Figure 2-7 (b)) occurs once the compression forces on the inside of the 
tape increase further, fibre wrinkling is no longer adequate to alleviate the compression 
forces. Therefore, an out of plane wrinkle or fibre buckle occurs to alleviate the 
compression forces. 
Fibre pull-up (Figure 2-7 (c)) occurs when tensile forces on the outer edge of the pre-preg 
become too large and the outer edge of the tape pulls, taking the shortest geodesic path, 
in order to release tensile stresses. 
 
Figure 2-7: Examples of defects caused by steering (a) Fibre Waviness, (b)Fibre 
Buckle, (c) Fibre pull-up [35] 
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2.8.2 Overlaps & gaps 
A further issue with manufacturing VAT laminates is overlaps and gaps. These occur 
when adjacent tapes are not placed perfectly aligned next to each other. Overlaps are 
caused by not offsetting placement of tape sufficiently in both horizontal and vertical 
directions (Figure 2-8 (a) & (b)). Once the tape is offset sufficiently to prevent an overlap, 
a gap is created at the apex of the curve (Figure 2-8 (c))  
 
Figure 2-8:  (a) & (b) Examples of Tow Overlap, (c) Tow Gap 
The effect of gaps and overlaps represent a source of flaws and defects (e.g. 
delaminations), affecting the shape (thickness) and the mechanical properties of the final 
component: tension strength, compression strength, in-plane strength & fatigue life [40]. 
Sawicki & Minguet [41] completed one of the first studies which investigated the effect 
of intraply gaps and overlaps on the compression strength of composite laminates. 
Strength reduction of 5 – 27% was observed in laminates containing gaps and overlaps 
up to 0.7 mm wide. Further reductions were not observed when wider gaps or overlaps 
were introduced. Sawicki & Minguet state fibre waviness induced by thickness variations 
at the location of the defect was the primary cause of strength reductions. A study by 
Maroune et al. [42] investigated the effects of gaps and overlaps on the buckling 
behaviour of an optimally designed variable-stiffness composite laminate. Strategies to 
ensure 100% gaps  (Figure 2-9 (a)) and 100% overlaps Figure 2-9 (b)) were used to 
manufacture composite panels. The experimental results show that variable-stiffness 
panels with complete overlaps exhibit higher buckling resistance characteristics (pre-
buckling stiffness and buckling load) than those with complete gaps. In comparison to a 
quasi-isotropic baseline panel, the buckling load was similar for the laminates with gaps. 
While the laminate with overlaps had a 36% increase in buckling load. A similar study 
was completed by Croft et al. [43], this investigated the effects of gaps and overlaps in 
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unidirectional laminates with different fibre orientations.  The main conclusion is that the 
ultimate strength is less affected by the different defect configurations at the lamina level 
(overall less than 5%) as opposed to the laminate level (up to 13%). In summary, gaps 
and overlaps effect the performance of laminates, both conventional and VAT. The 
elimination of these gaps would be greatly beneficial for the structural performance of 
composite components.  
 
Figure 2-9: Steering defects: (a) 100 % overlaps, (b) 100 % gaps [42] 
2.9 Techniques to avoid steering defects 
To avoid fibre defects such as wrinkling, buckling and pull-up, manufacturing VAT 
laminates above a critical steering radius is required. Studies have being completed which 
investigate minimum steering radius without defects occurring. This process tends to be 
done on a trial and error basis, where a number of steering radii are trialled and through 
visual analysis the lowest steering radii that does not create defects is selected [3].  The 
minimum steering radius is dependent on the tow width and also the pay-out of the ATP 
machine. Wider tows are unable to steer as much as narrower tapes without incurring 
defects.  
To reduce the effect of tow gaps and overlaps different lay-down techniques are used. 
Waldhart [14] completed an analytical study which investigated VAT laminate 
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manufacture by different techniques. These techniques involved shifting neighbouring 
plies in one direction by different displacements. Blom [30] summarises these coverage 
parameters. The so-called coverage parameter determines where tows are being 
terminated and restarted, thereby creating either small triangular gaps or small overlaps 
or a combination of gaps and overlaps. A coverage of 0% indicates that a tow is cut as 
soon as one edge reaches the boundary of the adjacent course. This results in a small 
triangular area without fibres (Figure 2-10 (a)) At 100% coverage the tow is cut only 
when the second tow edge crosses the boundary, hence creating a small triangular overlap 
area (Figure 2-10 (c)).  
 
Figure 2-10: Different coverage parameters [30] 
As mentioned in section 1.1.2.2 Wu et al. [19] completed experimental tests to examine 
the effect of this shifting technique. Three laminates were manufactured, two VAT 
laminates (Figure 2-11) and one conventional laminate as a base line. The VAT laminates 
had 100% overlapping sections and 100% gap sections. All laminates were tested in 
compression. Both variable stiffness panels had significantly better structural efficiency 
compared with the baseline panel. The panel with overlaps also had a much higher 
efficiency than the panel without overlaps. Measured results for the variable stiffness 
panels exceed initial analytical predictions, which suggest that the buckling load for the 




   
 
Figure 2-11: VAT laminates (a) with gaps, (b) with overlaps [19] 
Blom [44] investigated the effect of 50% coverage on cylindrical shells (Figure 2-10 (b)). 
Two shells were tested in compression, one with a conventional lay-up, and the other 
VAT with 50% coverage. The cylinders were not tested to failure, but strain 
measurements were recorded. The strain distribution along the loading axis of the cylinder 
indicated that at equivalent load the maximum compressive strains of the variable-
stiffness cylinder were 10% lower than those of the baseline cylinder. In addition, the 
tensile strains were 35% lower. 
2.9.1 Tailored fibre placement 
Tailored Fibre Placement (TFP) can also eliminate defects due to steering. Mattheij et al. 
[45] state that TFP utilizes dry fibres when manufacturing VAT components . Dry fibres 
are not constrained by a resin, allowing the fibres to shear past each other so bending 
stress are not induced in the tow [39]. However, dry fibre placement requires a fixing 
technique to keep the fibres in place. 
The minimum radius achievable while steering with carbon fibre/thermoset pre-preg 
tapes is less than dry fibres due to the matrix constraining fibre shearing. As the matrix is 
in an uncured state, it is possible to achieve a steering radius of 500 mm without out 
defects using 6 mm wide tapes [46]. Once the steering radius goes below 500 mm, stress 
due to in-plane bending begins to increase and defects start to form. 
Although the dry tow placement method can also introduce a mismatch between designed 
and real fibre paths as illustrated in Figure 2-12, it can be diluted by the rearrangement of 
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fibres within the dry tow, this rearrangement of fibres can be utilized to reduce the size 
of gaps between neighbouring steered tows [39]. However, the improved design 
flexibility causes other types of process-induced defects that are quite different from those 
encountered in the tape placement techniques previously discussed.  
 
Figure 2-12: Steering using Dry Fibre Placement [4] 
As dry fibres have no tackiness, an embroidery technique is required to hold the fibre 
tow in place. A schematic of the process is shown in Figure 2-13, as it can be seeing the 
processing head controls the trajectory of the tow while the zig-zag stitching holds the 
tow in place.  
 
Figure 2-13: Schematic of Tailored Fibre Placement process [45] 
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2.9.2 Continuous Tow Shearing 
Continuous Tow Shearing (CTS) is a manufacturing method designed by Kim et al. [4]  
to solve the issue of defects caused by in-plane bending of fibres while steering pre-preg 
tows, and to eliminate gaps and overlaps. CTS uses the ability to shear dry fibres in order 
to create a curved path as shown in Figure 2-14. CTS uses a resin film on the bottom side 
of the tow to tack the tow in place. 
Kim et al. [4] show that it is possible to place tows with a radius of curvature of 30 mm 
with no fibre waviness, buckling or pull –up, which is considerably tighter than any other 
study completed. This shows that CTS has the ability to eliminate fibre defects induced 
by steering. CTS also has the benefit of producing VAT laminates that are free from 
overlaps and gaps. The CTS technique can realize a perfect shifting method where all 
fibres within the tow follow an identical curve but simply shifted along the assigned 
shifting direction, i.e. perfect tessellation can be achieved. However, CTS does have a 
number of disadvantages, the first is that a thickness change occurs within an individual 
layer due to the shearing. CTS is also inefficient when it comes to manufacturing, as it 
has a slow lay down rate compared to other ATP methods. In addition, CTS can only be 
used with dry fibres or partially infused fibres, requiring a secondary processing step, 
such as resin infusion or autoclave processing, to achieve a consolidated laminate. 
 
Figure 2-14: Steering Using continuous Tow Shearing[4] 
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Further work is required to eliminate defects related to VAT trajectories. If defects such 
as gaps and overlaps could be eliminated, further structural efficiency improvements 
could be achieved. Methods such as TFP and CTS show potential in eliminating defects. 
However, these methods still require a two-step process to achieve the final consolidated 
structure. A method that can eliminate gaps and overlaps, while only requiring a single 
processing step would be beneficial. 
2.10 Processing of thermoplastic tapes with Automated Tape placement. 
As thermoplastic tapes are consolidated while being laid into position, processing 
parameters of the ATP machine are critical as they determine the performance of the final 
part. Thermoset materials do not rely on processing parameters of the ATP machine as 
much. The component gets vacuum bagged and is consolidated in a secondary processing 
step. Therefore, parameters such as, consolidation roller, consolidation force, tool 
temperature and lay down speed need to be analysed when investigating the concept of 
steering with thermoplastic tapes.  
2.10.1 Compaction Rollers 
The type of compaction roller used on an ATP head can affect the quality of components 
produced. The primary function of compaction rollers for thermosetting pre-preg is to 
facilitate the development of required levels of tack, and to keep the voids between pre-
preg tows as small as possible [47]. The type of roller used depends on a number of 
factors, the first being the type of resin system being used. For example, if a high 
temperature thermoplastic resin such as PEEK is used, then rollers need to withstand high 
processing temperatures. Under these operating conditions, either a roller is used that can 
withstand the temperature, e.g. a metallic roller, or a cooling mechanism needs to be used 
for the roller. In the case of laser-assisted ATP, if the laser is tuned to heat the carbon 
fibres, silicon rollers can be used, even though they have a lower working temperature 
than the melt temperature of PEEK. However, if carbon fibres become embedded onto 
the surface of the roller, localised heating due to their presence can lead to degradation of 
the silicon. For thermosetting resins, processing temperatures of 60 °C - 70 °C are used 
to tack thermoset pre-preg tapes into place, in such cases polypropylene rollers have been 
used [47]. Curved tools need the roller to conform to the surface as the tape is laid into 
position, while for flat tools this is not so important. For this reason, hardness of the 
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material and architecture of the roller is important. Some rollers have a perforated 
architecture to further facilitate their deformation (Figure 2-15).  
 
Figure 2-15 : Perforated rollers to allow conformation with tool surface [47] 
Bakhshi & Hojjati [47] completed a study on the effect that the roller stiffness and 
architecture has on the quality of laminates produced using ATP. Rollers with 4 different 
hardness values were analysed. Three were made from polyurethane with different 
hardness of 35, 60 and 85 durometer, a stainless steel roller was the fourth analysed. 
Additionally, two 60 durometer rollers were analysed one solid and the other with 
perforations similar to Figure 2-15. Static tests were completed, the contact width of the 
rollers and their force–displacement behaviour were observed. It is important to analyse 
the deformation of the compaction roller as the solid stainless steel roller will have line 
contact with the pre-preg which produces a very high and sharply distributed pressure 
over a very short distance. On the contrary, under the same amount of force, a more 
compliant material produces a smoother and lower pressure distributed over a larger area 
of contact. The optimum compaction force can promote intimate contact between the tool 
and pre-preg surfaces, without causing too much redistribution of the resin content which 
would change the failure mode of the interface. 
Results of the study are summarised in Figure 2-16, it is shown that that the hardness of 
the roller effects consolidation. The small contact area in the 85 durometer roller is 
producing a much higher compaction pressure, with a very sharp increase in the intensity. 
The 35 durometer roller, on the other hand, provides a very smooth and evenly distributed 
pressure over the whole width of contact. The solid 60 durometer roller is the median case 
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between the two.  Figure 2-16 (b) shows results of a solid roller compared to a perforated 
roller.  In case B, the hole is closer to the outer surface, a smaller local pressure is required 
to locally deform that section to make it follow the overall deformation of the roller. 
However, in case A, the hole is much closer to the shaft of the roller. Therefore, the local 
pressure which is needed to produce the required overall deformation is higher. As pre-
preg tape are continuously processed with a rotating roller, these variations in contact 
pressures will lead to variations in consolidation pressure. These variations can lead to 
variance in quality throughout a component.  
These findings are important when it comes to steering carbon fibre/PEEK tapes. The 
purpose of the roller is to increase degree of intimate contact between incoming tape and 
substrate. When steering pre-preg tapes, tensile stresses are created on the outer edge and 
compressive stresses on the inside edge. These stresses effect the degree of intimate 
contact which reduces bond strength, therefore it is vital while steering pre-preg tapes that 
a roller can apply sufficient compaction.   
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Figure 2-16: Results of different roller hardness [47] 
2.11 Effect of processing parameters on laminate properties 
2.11.1 Effect of compaction pressure on properties of laminates 
Compaction force is an important process parameter for ATP. There is a direct 
relationship between compaction force, void content and bond strength between 
laminates for thermoplastic matrix composites [48]. For thermoset matrix composites, 
compaction force has an effect on tack strength between layers before autoclave 
processing. The pressure varies a lot and bridging is sometimes observed over curved 
moulds due to insufficient tack and pressure. A number of studies [11, 49] have been 
completed which investigated the effect that compaction force has on mechanical 
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properties such as interlaminar shear strength (ILSS) and fracture toughness. Qureshi et 
al. [11] completed a study on the effect ATP processing parameters has on the properties 
of carbon fibre/PEEK laminates. Results did not show a specific correlation between the 
compaction force and ILSS. Theoretically, an increase in compaction force should 
increase the ILSS, as increased pressure enhances resin flow. The compaction forces used 
may perhaps already be higher than required, limiting any further improvements in ILSS. 
Khan et al. [49] completed a parametric study on processing parameters of thermoplastic 
pre-preg tapes with ATP machines to investigate the resulting part quality. In order to 
identify the critical parameters of the process, simulations were carried out to study the 
process sensitivity on individual parameters. One of the parameters investigated was 
consolidation force. It observed that an increase in compaction force over the roller would 
result in better void compaction and higher interlaminar strength development. 
Simulations were performed to analyse the extent of improvement in void content and 
Degree of Bonding (DoB) for the 15-layered laminate laid-up with a force variation from 
50 to 5000 N. At low processing velocity, the void deconsolidation phenomena in the 
heating region prior to the roller demands very high consolidation force and must be 
supplemented by the sudden roller contact cooling to freeze this state. In contrast to this, 
high process velocity causes less void deconsolidation in the heating section and overall 
low void contents inside the laminate. Very high forces of up to 5000 N are required for 
significant reduction of the void content. For a low process velocity of 3 m/min, even a 
low force of 50 N is capable to produce a DoB above 95%. The low process velocity 
affects the material heating, resulting in higher temperature of the material and 
consequently in lower viscosity of the melt allowing a high degree of intimate contact to 
occur. Furthermore, the low process velocity allows time for polymer healing. The degree 
of intimate contact can be increased by applying a higher consolidation force. A 
consolidation force of 165 N resulted in a DoB of 98%. Further consolidation force 
increase is not beneficial at a process velocity of 3 m/min. To reach a higher DoB, the 
polymer healing has to be enforced by increasing the available healing time by decreasing 
the process velocity. The effect of consolidation force is more pronounced with increasing 
process velocity. At 10 m/min an increase of the force, even up to 5000 N, results in 
continuous increase in the DoB. But due to the high process velocity, under all conditions, 
the time for polymer healing is too short and maximum 80% DoB is reached. 
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2.11.2 Effect of cooling rates & tool temperatures on properties of laminates 
Cooling rates and tool temperatures have a large impact on mechanical properties of 
laminates produced by ATP, specifically for thermoplastic matrix laminates. Cooling 
rates and tool temperatures do not play a significant role for ATP produced thermoset 
laminates, as the laminates undergo a secondary consolidation process.  
Layups of carbon fibre/PEEK carried out on a cold tool (i.e., temperature <250 °C) have 
resulted in laminate debonding and edge bending because of thermal stresses [12]. Large 
temperature differences between the material laid down and the cooler tool results in 
higher thermal stresses. Cooling rates are a large contributing factor to mechanical 
properties of thermoplastic laminates produced by ATP [50-52]. Many thermoplastic 
resin systems are semi-crystalline meaning that they have the ability to form crystalline 
structures. Crystallization affects optical, mechanical, thermal and chemical properties of 
the polymer [53]. Along with cooling rates, the presence of carbon fibres within the 
matrix induces nucleation and growth of crystallites perpendicular to the fibre surface, i.e.  
trans-crystallisation,  which  has  a considerable influence on the fibre/matrix interface 
interaction and the failure behaviour  in  both  the  matrix  and  the interphase region [54].  
Studies completed by Comer et al. [50] and Gao & Kim [51, 55, 56] analysed the effect 
that cooling rates have on the mechanical performance of carbon fibre/PEEK laminates 
manufactured by ATP. Comer et al. produced three flat laminates produced using LATP 
on a flat tool at different tool surface temperatures. Flexure, ILSS, wedge peel and open 
hole compression of the LATP laminates where measured and then compared to flat 
laminates produced using autoclave processing. LATP processing parameters and 
laminate lay-ups are summarised in Table 2-3. Tool temperature was varied for the three 




   
Table 2-3: Processing parameters and Lay-up of ATP laminates[50] 
 Flexure/ILSS Wedge Peel  Open –hole-compression 
Lay-up [0°]16 [0°]2 [+45°/-45°/0°/90°]3s 
Lay-down speed 8 m/min 12 m/min 12 m/min 
Target temperature 420 °C 420 °C 420 °C 
Tool temperature 150 °C unheated 250 °C 
Roller material Silicone Silicone Silicone 
Roller pressure  1.2 Bar 1.2 Bar 1.2 Bar 
Mechanical testing showed that the laminates produced by LATP performed better than 
the autoclaved laminates in terms of wedge peel strength (134%) but performance 
reduced in terms of flexural strength (68%), interlaminar shear strength (70%), and open-
hole-compression strength (78%). When degree of crystallinity was analysed it was clear 
that crystallinity level was below optimal level, either due to incomplete melting of the 
material, or excessive cooling rates. Test results indicated that the lower degree of 
crystallinity gave some positive results for interlaminar toughness properties. For wedge 
peel strength, which is representative of Mode I failure, there is an increase in toughness 
in comparison to autoclaved samples. The wedge peel laminate tool temperature was 
unheated so the samples would have had the highest cooling rate. When fracture surfaces 
were analysed, the LATP samples exhibited extensive plastic deformation of the matrix, 
which is indicative of a largely amorphous morphology, i.e low degree of crystallinity.  
Flexure and ILSS samples saw a reduction in strength when compared to autoclaved 
samples, 68% and 70% respectively. These samples were manufactured with a tool 
temperature of 150 °C, which would have had a slower cooling rate than the unheated 
tool, but would still be relatively fast as the Tg of PEEK is 147 °C. It is thought that the 
reduction in ILSS and Flexural strength is due to the lower degree of crystallinity of the 
LATP samples in comparison to the autoclave samples. Another potential factor reported 
is that void content was higher for the heated tool compared to the unheated tool, as void 
spring back may have occurred once the roller had passed over the processing area, 
allowing individual layers to debond locally. Open hole compression (OHC) tests showed 
that LATP samples retained 78% of strength when compared to autoclave processing 
samples. The degree of crystallinity was potential higher than for the flexure/ILSS 
specimens as the tool temperature was 250 °C, resulting in slower cooling rates, as well 
as allowing cold crystallinity. However, the OHC properties of the LATP material in the 
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current study were compromised by the presence of large voids mainly in the intra-
laminar region of the OHC specimens. Voids are known to directly lower compression-
strain to failure. Since the tool temperature was 250 °C for this panel, it was stated that it 
is plausible that void rebound occurred due to the temperature remaining well above Tg 
after pressure from the roller was lost.  
Gao and Kim completed three different studies which investigated the effect that cooling 
rate has on carbon fibre/PEEK composites. The three studies focused on how cooling 
rates effect crystallinity, interface adhesion, interlaminar fracture toughness & impact 
damage performance. In these studies, carbon fibre/PEEK pre-preg tapes were processed 
in a heated press to produce test samples. In each of the studies, samples were heated up 
to the recommended processing temperature of 400 °C and pressure of 1.38 MPa was 
applied for 30 minutes.  After the dwell period, the test samples were cooled at different 
rates. Results showed there was a strong correlation between cooling rate and the 
crystallinity for both the neat PEEK resin and the carbon fibre/PEEK composite. The 
degree of crystallinity and the spherullite size decreased with increasing cooling rate, as 
evidenced from the DSC measurements and cross-polarised microscopy. The crystalline 
structure developed at a low cooling rate was better defined and had more distinct and 
thicker lamellae than that developed at a high cooling rate. The tensile strength and elastic 
modulus of neat PEEK resin decreased, while the ductility increased with increasing 
cooling rate through its effect on crystallinity. The high degree of crystallinity with 
ordered thick lamellae crystallites obtained at a low cooling rate caused the deformation 
slips in the crystal blocks to be more difficult. The interphase bond strength decreased 
with increasing cooling rate through its effects on crystallinity and lamella morphology 
of interphase. The interface failure mechanisms were also a direct reflection of the 
interface adhesion mechanisms. The closely packed crystalline lamella interphase that 
was adsorbed more strongly onto the fibre surface in slow cooled specimens gave rise to 
a high IFSS with relatively brittle interface debonding. In contrast, the amorphous PEEK-
rich interphase introduced in fast cooled specimens resulted in a low IFSS and a relatively 
ductile interface failure, as manifested by the thick permanently deformed matrix layer 
surrounding the pulled out fibre socket. 
In summary, the results from both Comer et al. and Gao & Kim clearly demonstrate that 
the mechanical properties of carbon fibre/PEEK matrix composites can be optimised, if 
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not totally maximised, by controlling the cooling rate. These findings need to be taken 
into consideration when manufacturing steered laminates. Residual stresses due to the 
curvilinear motion are induced when manufacturing steered laminates, therefore effective 
cool down rates would be beneficial to try to eliminate some of those residual stresses 
and improve the performance of the final product. 
2.11.3 Effect of Lay-down speed on properties of laminates 
Lay-down speed is a critical parameter for manufacturing any composite component. An 
optimized speed is required as too slow a speed results in low through-put rate, while too 
fast a speed can lead to poor bonding which negatively effects the performance of the 
final part. Studies [57, 58] have been completed which focused on the effect lay down 
rate has on the mechanical properties carbon fibre/PEEK laminates. DiFrancesco et al. 
[57] examined three lay-down speeds (200, 400 & 800 mm/s) and the effect they had on 
ILSS, using laser assisted ATP. ILSS was essentially the same for 200 & 400 mm/s lay 
down speed. However, when the lay down speed was increased to 800 mm/s there was a 
40 % drop in ILSS. Stokes Griffin et al. [58] investigated the effect of placement rate and 
temperature on the ILSS of carbon fibre/PEEK laminates, also using laser assisted ATP. 
Results showed that ILSS was independent of process temperature at 100 mm/s, except 
for the highest temperature of 600 °C, which showed reduced bond strength that 
corresponded with signs of resin charring and degradation in SEM images. For a higher 
placement rate of 400 mm/s, the ILSS was found to increase with increasing temperature, 
implying incomplete bonding at lower process temperatures. 
2.12 Summary 
It has been highlighted that VAT trajectories have the ability to greatly improve the 
structural efficiency of composite structures. Many numerical studies have shown the 
VAT benefits that are possible, with some limited experimental studies also completed. 
Concerning experimental studies all used a form of thermoset resin to produce a VAT 
structure. However, thermoset based systems require two processing steps to produce a 
laminate. No studies investigated the ability to produce VAT laminates using 
thermoplastic composites. The benefit of using thermoplastic composites is that tows can 
be steered and consolidated in one step, greatly reducing process energy, time and cost.  
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The aim of this thesis is to address the gaps in the research which are highlighted in this 
state-of-the-art review. As highlighted in Section 1.7, the main objective is to examine 
whether it is possible to produce VAT laminates using CF/PEEK pre-preg tapes with 
LATP processing, eliminating the need for two-step processing. Chapter 3 examines 
whether it is possible to achieve sufficient bonding between steered CF/PEEK tows and 
substrate and also how different processing parameters affect bonding. Furthermore, as 
no VAT laminates have previously being produced using thermoplastic resin systems, it 
is essential to examine whether VAT trajectories are viable at a component level. Chapter 
4 addresses this objective, where a VAT CF/PEEK wingbox is manufactured and tested 
to examine whether VAT trajectories are beneficial at component level. A disadvantage 
of VAT trajectories are gaps and overlaps, which create fibre wrinkling, this reduces 
stiffness and strength of fibrous composites. Chapter 5 gives details on this aim. A method 
which can in-situ spread CF/PEEK pre-preg tapes is presented and applications where it 
can be utilised are highlighted. Lastly, this thesis aims to investigate whether the 
spreading process is beneficial at laminate level, Chapter 6 examines does the spreading 
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Introductory Statement 
As highlighted in the state-of-the-art review, VAT trajectories are beneficial, but few 
studies have manufactured VAT laminates. Studies which manufactured VAT 
components all did so with thermoset resins. Thermoset resins require two-step 
processing, which increase time, energy and consumables. Thermoplastic resin systems 
are an excellent solution to this issue as they can be in-situ consolidated with laser assisted 
tape placement. This chapter examines whether it is possible to produce VAT laminates 
using Carbon Fibre/PEEK pre-preg tapes. This study also examines the effect that 
parameters such as steering radius, lay down rate and producer of pre-preg tape have on 
properties such as bond strength and geometrical tolerances.  
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Abstract 
Laser-assisted Automated Tape Placement (LATP) in-situ consolidation of thermoplastic 
composites has significant potential to produce repeatable and accurate components more 
efficiently than conventional processing methods. In addition, LATP can process 
Variable Angle Tow (VAT) laminates, that allow modification of load paths within the 
laminate to result in more favourable stress distributions and improved laminate 
performance. Previous studies have reported dry fibre placement and thermoset pre-preg 
tape placement processed VAT laminates. This work investigates the processing 
parameters required to produce VAT laminates from carbon fibre (CF)/polyether ether 
ketone (PEEK) tapes using LATP. Testing was carried out to examine the effect of lay-
down speed and steering radii on defect frequency and bond strength. Measurements 
showed that the width and thickness of the CF/PEEK tapes changed as a result of steering. 
In addition, bond strength, determined using a novel wedge peel rig for steered tape, was 
found to be a function of lay-down speed. 
Keywords:  Automated Fibre Placement; Thermoplastic; Fibre/Matrix Bond; Mechanical 
testing 
3.1 Introduction 
There is an increasing demand for advanced composite processing systems that can 
produce highly repeatable and accurate components more efficiently than conventional 
autoclave processing techniques. Recently it has been shown that laser-assisted 
automated tape placement (LATP) in-situ consolidation of fibre-reinforced thermoplastic 
composite material has the potential to produce high quality components without the 
requirement for a secondary consolidation processing step [1]. Large complex parts can 
be produced using this process without the need to use large, high cost autoclaves [2]. 
In addition, LATP allows the control of the fibre orientation in a ply with high precision, 
enabling the manufacture of Variable Angle Tow (VAT) laminates [3]. VAT allows the 
alignment of fibres to the desired structural load path, providing improved performance 
without increasing weight. Tailoring the in-plane stiffness improves compressive 
buckling and first-ply failure [4]. Also, stress concentrations around cutouts on composite 
plates, for example fuselage windows, can be relieved by fibre steering [5].  
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VAT laminates are prone to a number of common defects which include gaps, overlaps, 
tow buckling, tow pull-up and tow misalignment [6, 7]. These defects are caused by the 
matrix of the pre-preg tape confining the fibres and preventing them from freely 
conforming to the change in laydown length as the tape is steered. Lozano et al. [6] noted 
that gaps and overlaps, which occur when a tape is not laid parallel to an adjacent one, 
reduce laminate strength. Gaps and overlaps create either resin rich or resin poor areas, 
in the case of thermoset or thermoplastic material systems, respectively, which are 
susceptible to stress concentrations and damage. Tow buckling occurs on the inside radius 
of a tow if compressive forces are too high, conversely tow pull-up occurs on the outside 
of a tow due to excessive tensile forces [6]. Tow buckling and pull-up result in poor 
bonding between the steered layer and substrate, as well as local thickness variation. 
Techniques have been implemented to reduce the effect of gaps and overlaps, including 
tow drop which prevents overlap regions [8]; tows can be cut individually by the tape 
laying machine to reduce thickness build-up, resulting in panels that contain small wedge-
like areas free of fibres due to dropping of the individual tows. Continuous Tow Shearing 
(CTS) is a fibre placement technique using the shear deformation characteristic of dry 
tow to reduce defects such as fibre wrinkling, gaps, overlaps, resin rich areas, and fibre 
discontinuity [9]. However, CTS induces thickness variations. 
There are currently two known Automated Fibre Placement (AFP) manufacturing 
methods that have the capability to produce VAT laminates, namely thermoset pre-preg 
tape placement and dry fibre placement. Several studies have manufactured VAT 
laminates using thermoset tape placement. However, thermoset tapes are prone to 
processing defects due to the resin of the tape confining the movement of the fibres as it 
is steered. Hence, thermoset tapes are limited to a minimum turning radius, which is 
dependent on the width of the tape and material properties [10]. Research has shown that 
minimal curvature radius ranges from 635 mm to 2000 mm; the varying minimum 
steering radius is dependent on the width of the tapes used. In addition, thermoset tapes 
require a secondary processing step, such as autoclave consolidation, increasing 
processing time and cost. Dry fibre is easier to steer as there is no matrix confining the 
fibres, allowing the tow to bend or shear [11]. This reduces defects such as buckling and 
wrinkling, allowing a minimum curvature radius of 400 mm [12]. However, dry tows do 
not have tackiness, so a fixing method such as tailored fibre placement is required to allow 
lay-up of the tows. This is an embroidery technique in which dry fibres are stitched onto 
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a surface to keep them in place. To avoid using a fixing method partially impregnated 
fibres have been used, but this reverts to the previous issue of the matrix confining the 
fibres and limiting the minimum radius of curvature. Additional to this, dry fibre 
placement requires post resin infusion, which reduces the efficiency of the process [13]. 
To date there is limited research completed on VAT laminates manufactured using in-situ 
consolidated thermoplastic pre-preg tapes. The capability of being able to steer with 
thermoplastic tapes is beneficial as they have many advantages over thermosets. These 
include recyclability, rework ability, high temperature performance, high impact 
resistance and frozen storage is not required. Fraunhofer IPT developed a process to 
manufacture VAT laminates [14], which enables the placement of curved paths without 
warpage and distortion of the tape.  However, this method relies on a pre-conditioning of 
tapes and therefore cannot in-situ manufacture VAT laminates. Lamontia et al. [15] used 
a hot gas torch ATP machine to produce an in-situ consolidated tow steered panel from 
carbon fibre/thermoplastic. A minimum radius of 1270 mm was achieved by laying 
twelve 6.35 mm tapes at one time. Recent studies by the authors [16] showed that 
significantly smaller steering radii are achievable by LATP without pre-conditioning or 
modification of the tape. 
This study investigates the ability to produce VAT laminates with Carbon Fibre/Poly 
Ether Ether Ketone (CF/PEEK) pre-preg tapes using LATP in-situ consolidation, as well 
as the influence that the processing parameters have on the steering process. In Section II 
steering trials with the LATP machine are described. The effect of the steering radius on 
defect propagation is examined. Basic characterisation is carried out to assess the change 
in geometry of the tape as it is steered and the bond strength, section III describes the 
materials and the manufacturing method used to produce characterisation samples. 
Finally, Section IV describes the characterisation tests, while in section V the results are 
presented and discussed. 
3.2 LATP steering trials 
Steering trials were completed using the LATP system at the University of Limerick 
consisting of the LATP head (AFPT, GmbH) attached to a robot arm (Kuka, KR240 
L210-2) as shown in Figure 3-1 (a). The tape head consists of an optic lens connected via 
a fibre optic cable to a remotely located 3 kW diode-laser heat source, a tape feed, 
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guidance, tensioning and cutting system, a consolidation roller and a thermal camera. The 
setup and process are shown in Figure 3-2 (b). The lens causes the laser beam to diverge 
providing a range of spot sizes at the nip point depending on the focal length of the optical 
lens. Current optics installed allow the tape placement head to process tapes between 6 
mm and 25 mm. Hence, for this investigation steered tapes are limited to 6 mm tape. 
 
Figure 3-1: (a) LATP head & Kuka Robot (b), LATP process showing laser, tape 
feed, substrate & roller. 
Prior to steering, the Kuka robot and LATP code had to be programmed to move the tape 
placement head in a curved motion. All the robotic arm movements, as well as all the 
operations completed by the LATP head are processed by two controllers. The controllers 
execute the commands through the KUKA System Software (KSS) defined in the script 
files written in the proprietary Knowledge Representative Language (KRL). Using this 
programming language, the user can program the desired successions of operation and 
movements that the robot must execute during the manufacturing process. To program a 
steered pattern, a circular motion is used. For this, three points are required; the start point, 
end point and a point in between, then to finish the endpoint of the tape.  
Initial tests of steering with the LATP machine consisted of placing a PEEK substrate on 
a tool surface with steered layers are laid down on top of this. For this study carbon fibre 
(Hexcel IM7) /PEEK (Victrex 150 UF10) pre-preg material supplied by Suprem 
(Switzerland) was used. To investigate the limitations of steering with thermoplastic tapes, 
a number of different steering radii were used; 2000 mm to 200 mm. At each of these 
radii three steered tapes were processed to assess repeatability. Tapes were processed at 
a linear rate of 3 m/min. The test piece can be seen in Figure 3-2. From initial observation, 
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the steered layer bonds well to the substrate. Visually, the steered fibres showed no 
wrinkling, buckling or pull-up at steering radii of 2000 mm to 800 mm. At 600 mm there 
are visual signs of minor wrinkling, while at 400 mm there is an increased amount of fibre 
wrinkling, fibre pull-up and the introduction of the fibres folding under each other. Finally, 
at a steering radius of 200 mm, the defects became more significant, fibre buckling and 
wrinkling became more pronounced, also an increased amount of fibre folding was 
observed. Fibre folding is a stress relieving mechanism where the tape folds over itself 
due to high stress gradient across the tape width when steering at small radii, as shown in 
Figure 3-2. 
 
Figure 3-2: Initial trials of steering on to a PEEK substrate, with fibre wrinkling and 
folding highlighted. 
Further steering trials were carried out to manufacture a composite laminate with steered 
layers; three different laminates were manufactured using three different radii: 800 mm, 
600 mm and 400 mm. First a 0° layer was laid down to act as a substrate, then a layer 
which started at 55° steered along a 400 mm radius to 37° and back to 55°. For the 600 
mm and 800 mm radii, the angles consisted of 55°, 43°, 55° and 55°,45°, 55° respectively, 
as shown in Figure 3-3. The linear lay down rate was 3 m/min; 6 m/min was initially 
attempted, but at this rate the laser power does not stabilize sufficiently quickly over a 
relatively short lay down path and poor bonding between the incoming tape and substrate 
was observed. It was noted that defects such as fibre wrinkling, fibre pull-up and fibre 
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folding were not as pronounced for the 400 mm steering radius onto the laminate as they 
were when laid onto the PEEK substrate. The CF/PEEK substrate is significantly stiffer 
than the PEEK substrate preventing the tape from folding under itself. Also, the tape was 
steered over a shorter length than on the PEEK substrate so that the stresses at the tape 
edges were not able to build up to a level to cause edge defects. 
 
Figure 3-3: Steered laminate manufactured using LATP with 3 different radii – 800 
mm, 600 mm,    400 mm. 
The gaps between adjacent tapes increase with decreasing steering radius, agreeing with 
previous VAT studies [10, 12]. The gaps between the adjacent layers in the 400 mm radius 
section are much larger than those in the 800 mm radius section, as shown in Figure 3-3. 
For the 400 mm radius section gaps accounted for 16.8 % of the area, while the 600 mm 
and 800 mm radii sections were 12.7 % and 10.2 % respectively. Varying the steering 
radius of adjacent tapes as they are laid to achieve a better fit can eliminate gaps or 
overlaps, as shown in Figure 3-4. However, in this case the fibre angle is no longer 
constant in the y-direction. 
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Figure 3-4: Varying steering radius to eliminate gaps and overlaps. 
3.3 Materials & Manufacturing 
Initial trials show it is possible to manufacture laminates with steered thermoplastic tapes, 
however it does not show the effect steering has on the tape geometry and mechancial 
performance. Test samples were manufactured to investigate tape geometrical changes 
and bond strength. Two different processing parameters were examined, the laydown 
speed and the steering radius. To examine laydown speed, steered samples were 
manufactured with a radius of 400 mm with varying laydown speed of 1.5 m/min, 3 
m/min, 6 m/min and 10 m/min. To examine the effect of steering radius, samples were 
manufactured with a constant lay down speed of 3 m/min at radii of 200 mm, 600 mm 
and 800 mm. In addition, two CF/PEEK tapes were used in the study to assess the effect 
of tape properties on steered bonding behavior. 
The laydown speed study samples were produced from Suprem tape (carbon-fibre 
(Hexcel IM7)/PEEK (Victrex 150 UF10)). Originally supplied as 12 mm (+ 0.0, - 0.1) 
wide tape, composed of 4 x 12 k tows, initial proof of concept trials showed that it is 
difficult to steer 12 mm wide tapes. However it was possible to split along the 12 k tow 
lines to produce 6 mm tapes. Suprem tapes have a nominal thickness of 0.144 mm before 
processing. Toho Tenax tapes (carbon fibre (Tenax -E IMS65 24K)/PEEK) were used to 
manufacture the steering radius study test samples. These tapes were supplied with a 
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nominal width of 6.35 mm and thickness of 0.1875 mm before processing. The Suprem 
tape has been developed specifically for processing by an ATP system, while the Toho 
Tenax tape is slit down from wider roles of pre-preg, which are normally processed by 
conventional techniques, e.g. autoclave,  
Test samples were manufactured using the LATP system described in section II. Both the 
laydown study and steering radius study laminates were manufactured on a cold flat tool 
with the following layers; a layer of PEEK under vacuum, a 0° layer of straight fibres, 
followed by steered layers spaced out at intervals. Images of both laminates are shown in 
Figure 3-5. The layer of PEEK acts as an initial substrate that keeps the 0° layer in place, 
as this is difficult to achieve ply bonding directly onto a cold tool. The initial section of 
the steered tapes are straight, to ensure a good bond with the 0° substrate. 
 
Figure 3-5: (i) Laminate manufactured with Suprem Tapes with 400 mm radius and 
varying lay-down speed, (ii) Laminate manufactured with Toho Tenax Tapes with 3 
m/min laydown speed and Steering radius. 
3.4 Characterisation Tests 
To investigate if steering of thermoplastic tape is beneficial in composite structures, it is 
important to assess the effect that it has on laminate consolidation. Three methods of 
analysis have been selected to evaluate the effect of steering CF/PEEK; geometrical 
analysis, optical microscopy and mechanical testing.  
3.4.1  Geometrical Analysis 
Geometrical analysis examines the changes in the tape after steering, this is done by 
measuring the thickness and width of the tapes of straight sections and comparing them 
to steered sections. A Mitutoyo Series 500 Vernier calipers with a resolution of 0.01 mm 
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was used to measure the width of the tapes. A Mitutoyo Series 293 Micrometer with a 
resolution of 0.001 mm was used to measure the thickness of the tapes. The initial tape 
of each sample is straight for 100 mm before steering. A number of measurements were 
taken for the straight section and compared to the steered section measurements. For the 
straight section 10 measurements for width and thickness were taken, for the steered 
section 40 measurements for width and thickness were selected. It is important to note 
that the thickness measurement includes the thickness of a steered layer as well as both 
of the 0° and PEEK layers. 
3.4.2 Optical Microscopy 
Samples were extracted from the steered layers and were mounted, ground and polished, 
there is no standard for preparing composite samples for optical microscopy so the sample 
preparation procedure was devised from ASTM E3-11 - Standard Guide for Preparation 
of Metallographic Specimens [17], a similar approach was taking in a previous study [18]. 
Microscopy, along with image capture was carried out to examine the effect of steering 
on the bond between the substrate and the steered layer. Three samples were taken for the 
steered layers at different speeds and two were taken for the steered layers at different 
radii. These were then compared to straight samples to visually examine the effect of 
steering on CF/PEEK pre-preg tapes. 
3.4.3 Mechanical Testing 
To examine the bond strength between the steered layer and substrate a novel wedge peel 
test was devised. The conventional wedge peel test is a simplified version of a double 
cantilever beam, which is a standard test method for fracture toughness. The wedge peel 
test used in this study is based on ISO 11343 [19], which is used to measure the bond 
strength of high strength adhesive bonds. Wedge Peel tests similar to this have been 
previously used to measure the bond strength of straight CF/PEEK samples processed 
using LATP [2, 20]. The difficulty in completing a bond test on steered tapes is that the 
delamination line must remain perpendicular to the fibre for the test to ensure an accurate 
measure of bond strength and provide comparable data for samples of different radii. Two 
initial attempts were completed to design, manufacture and test a modified wedge peel 
test rig to keep the delamination line perpendicular to the fibres. The first was based upon 
a 90° pull-off test for tape. The sample was adhered to a steel plate and the steel plate was 
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free to rotate under 2 rollers. It was expected that when the steered tape was pulled it 
would be forced flat against the first roller and result in the delamination line being 
perpendicular to the fibres. Due to friction created by the sample being forced up against 
the roller, the sample was not free to rotate and it resulted in the delamination line not 
remaining perpendicular to the fibre direction. For the second design, a standard wedge 
peel test set-up was modified where the fixture that clamps the sample is free to rotate. It 
was expected that the sample would rotate to follow the path of least resistance, i.e. the 
smallest delamination line which would be the one perpendicular to the fibre direction. 
This was not the case as the weight of the sample impeded the rotation of the clamp. 
Finally,  a successful test rig was designed and manufactured (Figure 3-6). The sample is 
adhered to a semi-circular plate that has the same radius as the steered layer. The semi-
circular plate is then connected to a pivot point, a steel cable is attached to a point on the 
curve and is guided along the semi-circular plate with pins. The cable is pulled by the 
crosshead of a tensile tester and the load required to pull the steered tape through a wedge 
is measured. For each set of tests, circular plate with the corresponding radius to the test 
sample was used. The wedge that creates the delamination is 1 mm thick with a rounded 
profile. The test was completed at a rate of 20 mm/min. The force was measured over a 
delamination length of 150 - 200 mm. 
 
Figure 3-6: Wedge Peel Test. 
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3.5 Results and Discussions 
3.5.1  Geometrical Analysis 
Table 3-1 and Table  3-2 summarize the results obtained from the geometrical analysis 
completed on both laminates. Table 3-1 shows the change in width and thickness of the 
Suprem tapes due to steering at different lay-down speeds with constant radius. Table  3-2 
shows the change in width and thickness of the Toho Tenax tapes due to steering at a 
constant speed with different radii. 
Table 3-1: Dimensional changes in Suprem tape while steered at 400 mm radius 











1.5  0.432 (0.0034) 0.503 (0.0150) + 0.071 (0.013) 
3.0  0.431 (0.0019) 0.473 (0.0084) + 0.042 (0.012) 
6.0  0.431 (0.0081) 0.506 (0.0160) + 0.074 (0.019) 
10.0  0.431 (0.0262) 0.802 (0.0587) + 0.371 (0.075) 
     
Width 
1.5  6.44 (0.37) 5.94 (0.45) - 0.503 (0.17) 
3.0  6.39 (0.34) 5.65 (0.26) - 0.744 (0.16) 
6.0  6.67 (0.27) 5.85 (0.17) - 0.821 (0.23) 
10.0  6.47 (0.27) 4.70 (0.32) - 1.769 (0.34) 
Table 3-1 shows that lay down speed does affect the width and thickness while steering. 
It is important to highlight that normally pre-preg tapes would get wider and thinner when 
processed in a straight line. This can be seen in Table 3-1 as the width of processed 
Suprem straight tapes ranges from 6.39 – 6.67 mm, while unprocessed Suprem tapes are 
nominally 6 mm in width. However, when tapes are steered they experience the opposite 
effect, they become thicker with a decrease in width. This effect happens due to shearing 
of the soft matrix under bending and is somewhat analogous to the CTS technique [9] 
described earlier. At 10 m/min samples experience the largest dimension changes. At this 
laydown rate, the compaction roller passes over the tape quickly and the compaction time 
may not be sufficient for the tape to achieve a good bond with the substrate. The pull-up 
force on the outer radius call can lead to lifting or debonding, which affects the 
geometrical shape as the tape is much narrower and thicker [21].  Interestingly, the 
thickness of the Suprem tape laid at 1.5 m/min increased by 0.071 mm, while that laid at 
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3.0 m/min only experiences a 0.042 mm increase. At 1.5 m/min laydown speed, the laser 
stays focused on the nip point for longer and heat is conducted through the fibres either 
side of the compaction roller. After the roller passes over the tape it may not have cooled 
sufficiently and is able to ‘rebound’ after compaction, increasing the tape thickness. 
‘Rebound’ can take the form of relaxation of the bond interface or re-expansion of voids, 
either in the tape or at the bond interface, facilitated by the removal of the compaction 
force once the roller has passed on. 
Table  3-2: Dimensional changes in Toho Tenax Tape while steered at various radii 
and lay-down speed of 3 m/min. 







200  0.539 (0.0129) 0.631 (0.0085)  + 0.091 (0.0067) 
600  0.514 (0.0051) 0.564 (0.0123) + 0.050 (0.0155) 
800  0.531 (0.0120) 0.560 (0.0048)  + 0.029 (0.0127) 
     
Width 
200  7.36 (0.13) 6.15 (0.09)  - 1.22 (0.20) 
600  7.24 (0.20) 6.45 (0.14)  - 0.79 (0.12) 
800  7.07 (0.07) 6.73 (0.02)  - 0.48 (0.07) 
Table Table  3-2  shows that steering at different radii influences both width and thickness. 
At 200 mm the largest change in dimension is observed; there is a 0.091 mm increase in 
thickness and a 1.22 mm decrease in width. As steering radius increases, the geometrical 
changes are less, as 800 mm only shows a 0.029 mm increase in thickness and 0.48 mm 
decrease in width. This change is important to take into consideration when designing a 
laminate with steered fibres. A major issue with steering fibres is that gaps and overlaps 
are currently unavoidable, with CTS [9] being a notable exception. Gaps increase as the 
steering radii decreases, as shown in Table  3-2 the width reduces with reduction in 
steering radii. 
Figure 3-7 shows examples of how the width and thickness of CF/PEEK tapes can change 
due to steering induced defects such as fibre wrinkling and fibre pull up. Figure 3-7 (i) 
shows an extreme case of how fibre buckling on the inside edge of the steered tape can 
cause a decrease in width and an increase in thickness, due to local tape folding. Figure 
3-7 (ii) shows the side profile view of a sample steered at 10 m/min, highlighting how 
extreme fibre pull-up causes a large increase in thickness as the outside of the tape does 
not bond to the substrate and folds over on itself. Figure 3-7 (iii) and Figure 3-7 (iv) show 
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less severe fibre wrinkling, however they are still a cause for reduction in width and 
increase in thickness. Figure 3-7 (iv) also highlights how width varies in a steered tape. 
During steering compressive stresses build up on the inner radius which facilitates a 
periodic folding (buckling) deformation. This behavior is most probably caused by a 
shear crimping type instability most commonly observed in shear-compliant sandwich 
columns under compression loading [22]. 
 
Figure 3-7: Examples of varying width and thickness while steering due to fibre 
wrinkling, fibre buckling and pull -up. 
3.5.2 Optical Microscopy 
Optical microscopy of the laminate perpendicular to the direction of steering was carried 
out, focusing on the bond between the steered tape and the substrate. Figure 3-8 shows 
microscopy images of Toho Tenax and Suprem consolidated straight tapes for 
comparison purposes. There is a clear difference between the tapes; the Suprem tape, 
which is specifically manufactured for use in the ATP process, shows a more regular 
distribution of fibres, indicating a higher fibre volume fraction and also displays better 
thickness tolerance. For the Toho Tenax tape, significant resin rich areas are observed in 
the plies and the bond between the top and substrate tape is difficult to discern. As the 
Suprem tapes are an ATP grade, they have a resin rich layer at top and bottom surface to 
improve bonding when processed, a similar observation was made in a previous study 
[23] where an obvious bond line for Suprem tapes was observed when processed onto a 
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cold tool, but was reduced when processed onto a hot tool, this is most likely due to 
increased resin flow at higher temperatures.  
 
Figure 3-8: Optical microscopy images X20 comparing Straight Toho Tenax Tapes 
with Suprem Tapes. 
Figure 3-9 shows the optical microscopy images of the center of consolidated Suprem 
tapes steered at 400 mm radius laid down at various speeds. There does not appear to be 
an obvious difference in the bond of tapes processed at different speeds. There is a visible 
bond line in each of the images, again indicating that the Suprem tapes have a resin rich 
layer on their surface to improve bonding. 
 
Figure 3-9: Optical microscopy X20 of bond between steered tapes at 400 mm radius 
with laydown speeds of 1.5 m/min, 3.0 m/min, 6.0 m/min and 10.0 m/min. 
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Figure 3-10 shows the microscopy images for the Toho-Tenax steered tapes for radii of 
200 mm, 600 mm and 800 mm. Comparison of the 200 mm radius steered tape and 
straight tape shows that the bondline between the steered tape and substrate is more 
visible. Similarly, the bondline is also more visible for the 600 mm steered tape. However, 
the bondline in the 800 mm steered tape is hardly visible.  In all cases the tape and 
substrate appear to be well consolidated, although the Toho-tenax tape exhibits greater 
thickness and fibre distribution variation than the Suprem tape.  
 
Figure 3-10: Optical microscopy X20 of bond between steered tapes at 200 mm, 600 
mm, 800 mm radii with a laydown speed of 3.0 m/min. 
Figure 3-11 shows the effect that steering has on the tape edges where examples of both 
good and bad bonds are shown. Examples of tapes that are poorly consolidated and well 
consolidated are shown for both 1.5 and 3.0 m/min laydown rates. Sampling location has 
a significant influence on the bond observed. Those taken at a wrinkle generally have a 
poor bond (Figure 3-11 (ii), (iv), (vi)), whereas good consolidation was observed 
elsewhere (Figure 3-11 (i), (iii), (v)). No obvious relationship was observed between lay 
down speed and edge bond condition. However, reduced steering radius increases the 
severity of wrinkles and defects observed, which are associated with poor consolidation. 
In addition, reducing the steering radius also increases the frequency of defects along the 
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length of the tape. The size of defects observed were larger for the 200 mm steering radius. 
Figure 3-11 (vi) (tape laid at 10 m/min) shows in profile how fibre pull-up at the outer 
radius affects edge bonding of the steered tape.  
 
Figure 3-11: Optical microscopy of edges of steered tapes, examining good and bad 
bonds. 
3.5.3 Mechanical Testing 
The result of the wedge peel tests for samples manufactured at varying lay down speeds, 
are shown in Table  3-3. The results for varying the steering radius are shown in Table 
3-4. The purpose of the wedge peel test is to give an initial relative indication of the level 
of consolidation achieved using a set of processing parameters. Test results are usually 
prone to scatter; as such it is generally used as a qualitative test. During testing of wedge 
peel samples, a number of samples experienced undesired failures. These failures 
involved either slicing or partial tearing of tapes, where the size of the tear increased as 
the test progressed until the tape tore fully. However, slicing of tapes is an indication that 
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the bond between the steered tape and substrate is strong as fibres are sheared before the 
bond fails. Similar failure has been observed for attempted wedge peel tests of autoclaved 
samples. A second indication that slicing is a sign of a good bond is that no tapes at 10 
m/min experienced slicing and all samples had severe fibre pull up on the outer edge, 
which would have reduced the bond strength. 
Table  3-3: Wedge Peel Strength for varying lay down speeds (Suprem). 
Lay-down Speed 1.5 m/min 3.0 
m/min 
6.0 m/min 10.0 m/min 
No. of samples successfully 
tested 
2 1 1 4 
Wedge Peel Strength (N/mm) 6.4 9.3 7.1 5.4 
Standard Deviation - - - 0.87 
No. of samples sliced 1 3 2 - 
No. of samples that tore 2 1 2 - 
For each of the lay-down speeds investigated five samples were tested, except for the 10 
m/min rate where only four specimens were available for testing. Samples at 3.0 m/min 
and 6.0 m/min had the highest number of undesired failures indicating good consolidation 
was achieved. Where wedge peel tests were successfully carried out for 3.0 and 6.0 m/min 
specimens, the values for wedge peel strength obtained were the highest achieved; 9.3 
N/mm and 7.1 N/mm, respectively. These results are comparable to a previous study [24] 
in literature where wedge peel tests were completed on IM7 carbon fibre/PEEK straight 
samples which achieved a wedge peel strength ranging from 7.79 – 9.92 N/mm, for 
different processing parameters. The same study also highlighted that higher wedge peel 
strength would be expected at a slower rate as the amount of thermal energy available is 
a function of both source temperatures and placement processing rates, stating that 
increased resin flow occurs at higher thermal energy, which improves wedge peel strength.  
Undesirable failure of 1.5 m/min specimens also occurred, but successful tests indicated 
a weaker bond strength of 6.4N/mm. This lower value further supports the point raised in 
the geometrical analysis, that the 1.5 m/min tapes have a larger thickness than 3.0 m/min 
tapes, indicating tape ‘rebound’, after the consolidation roller passed over. 
Table 3-4 summarises the results of wedge peel tests for varying steering radius. Less 
undesirable failures were observed in this test series. Three samples were tested for each 
radius, and only one sample for both 600 mm and 800 mm radii experienced undesirable 
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failure. The 800 mm radius steered specimen exhibited the highest wedge peel strength. 
Surprisingly, the 200 mm radius specimens exhibited the next highest wedge peel strength, 
considering that the 200 mm radius samples exhibited more severe defects (fibre 
wrinkling & fibre buckling). However, examination of the post test specimens revealed 
that the 200 mm radius samples exhibited interlaminar delamination , i.e. the steered tape 
and substrate cleanly separate as the wedge is driven between them. The 600 mm radius 
samples experienced a mix of interlaminar and intralaminar delamination, i.e. the 
delamination crack induced partially separates the tape as well as causing splitting of the 
steered ply through its thickness, while the 800 mm radius specimen exhibited only 
intralaminar delamination, i.e. the steered ply split through its thickness.  
Table 3-4: Wedge Peel Strength for varying the steering radius (Toho Tenax). 
Radius 200 mm 600 mm 800 mm 
No. of samples successfully tested 3 2 2 
Wedge Peel Strength (N/mm) 5.3 5.0 5.44 
Figure 3-12 (i) shows the interlaminar delamination of the 200mm radius specimen, 
where the clean substrate fracture surface is shown with no trace of the steered tape. 
Figure 3-12 (ii) shows partial remains of a 800 mm steered tape on the substrate, 
indicating intralaminar failure occurred in the steered ply. The visual examination 
indicates that good bonding was achieved for the 600 mm and 800 mm radii specimens. 
However, the resin rich areas observed in the microscopy study within the Toho-Tenax 
tapes (Figure 3-8 (i)) provide a route for intralaminar delamination to occur if a strong 
bond is achieved during processing. Another study [25] completed wedge peel tests on 
IM7 carbon fibre/PEEK and it was  noted that at wedge peel loads generally above 5.25 
N/mm, cohesive failure of the specimen occurs, this is where the peel plane wanders from 
the ply interface and initiates failure within the composite ply, also stating that this means 
near optimal processing of the ply interfaces. From viewing Table 3-4 it can be seen that 
at 600 mm & 800 mm radii, where intralaminar failure was observed, wedge peel strenght 
values ranged from 5.0 - 5.44 N/mm,  which compare well to the value of 5.25 N/mm 
found in the previous study. Comparison of results obtained from both wedge peel studies 
show that the Suprem tape achieve higher wedge peel stengths, suggesting that tape 




   
 
Figure 3-12: (i), Interlaminar failure at 200 mm radius (ii), Intralaminar failure at 
800 mm radius. 
3.6 Conclusion 
This study has shown that it is possible to produce VAT components with thermoplastic 
material processed using LATP. VAT can produce higher performance laminates without 
increasing weight. Production of VAT laminates from LATP in-situ consolidation of 
thermoplastics composites can potentially be more efficient than steering with thermoset 
tapes or dry fibre placement, which require a secondary processing step. Trials 
successfully showed that a steering radius of 400 mm is achievable with CF/PEEK with 
few defects, equivalent or better to that achieved with thermosets material systems.  
The geometrical dimensions of steered CF/PEEK tapes was found to be affected by lay 
down speed and steering radius. A fast lay-down speed (10 m/min) leads to fibre pull-up 
due to poor consolidation, whereas at a slow lay-down speed (1.5 m/min), the tapes do 
not cool sufficiently and is allowed to ‘rebound’ once the roller has passed over it. 
Varying steering radius leads to a proportional change in tape dimensions. At 200 mm 
radius the largest decrease in width and the largest increase in thickness was observed, 
while the opposite effect occurred at a 800 mm radius. 
Optical microscopy showed that the most significant influence on consolidation was 
observed at the edges of steered tapes, where the local compression and tensile stresses 
are highest.  
A novel wedge peel test was devised for steered tapes, however resulting specimens were 
found to be susceptible to undesirable failure mechanisms. However, qualitative results 
obtained from the tests indicate that consolidation was affected by both steering and 
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laydown speed. General trends for steered tapes indicate that peel strength decreased with 
increasing lay-down speed, but increased with increasing steering radius. However, the 
results of the study also suggest that other factors such as tape quality and tape thermal 
conductivity influence the consolidation of steered tapes.  
Further investigation is required to fully define the influence of LATP processing 
parameters on CF/PEEK tape steering to produce optimised VAT laminates. Future work 
will include double cantilever beam tests on steered samples to achieve more conclusive 
quantitative results for bond strength. Also, further investigation is required to determine 
more clearly the mechanisms that allow fibre wrinkling, buckling and pull-up to occur.  
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Summary Statement 
The research presented in this paper highlights that it is possible to produce VAT 
laminates which have adequate bond strength using CF/PEEK pre-preg tapes and LATP 
processing. Processing parameters such as steering radius and lay down speed do have an 
effect on the bond strength. Tight steering radii (less than 400 mm) and faster lay-down 
speeds (10 m/min) result in an increased amount of defects which lowers bond strength. 
To advance the concept further, it is required to examine whether steering of CF/PEEK 
pre-preg tapes is beneficial at component level. The next chapter addresses this possibility 
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Introductory Statement 
Research presented in Chapter 3 showed it is possible to achieve a sufficient bond strength 
when processing CF/PEEK tapes in a curvilinear path with LATP processing. No 
secondary processing step was required. To advance the concept of steering with 
thermoplastics further, it was decided to design, manufacture and test a variable stiffness 
wingbox to see whether it is possible to manufcature a full scale component with both 
VAT trajectories and in-situ consolidation of CF/PEEK pre-preg tapes. Furthermore, the 
performance of the full scale VAT wingbox is assessed in comparison with a state-of-the-
art straight fibre composite wingbox.  
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Abstract 
Thermoplastic composites offer the potential for reducing the overall manufacturing costs 
of aircraft structures by allowing continuous production methods to  be applied without 
the ancillary need for ovens or  autoclaves   by using in situ consolidation techniques. In 
the last 10 years, carbon-fiber/polyether-ether-ketone-based composites have become 
available with desirable combinations of strength, stiffness, and toughness properties. By 
combining the latest manufacturing techniques with these new materials and with new 
design methods, cheaper, lighter, and better-performing aircraft structures become a 
viable prospect. As such, a variable-stiffness unitized integrated- stiffener thermoplastic 
composite wingbox was developed, which was manufactured by laser-assisted automated 
tape placement with winding and in situ consolidation. The wingbox loads were 
determined by assuming its location to be at 85% of the wing semispan of a B737/A320-
size aircraft. At this load, the wingbox was designed to buckle elastically. A full-scale 
structural test using a bespoke testing frame with representative bending moment and 
shear load was undertaken. Indeed, the wingbox buckled elastically at a load close to that 
predicted numerically. The current results highlight the potential advances that become 
possible in primary aerospace structures by combining fiber steering and in situ 
consolidation of carbon-fiber thermoplastic composites together with new blended, 
unitized structural concepts. 
4.1 Introduction 
Composite materials are finding increasing applications in large commercial aircraft due 
to their excellent specific properties [1]; for example, the Boeing 787 and Airbus A350 
both contain over 50% by weight of  composite materials [2,3]. Over the past 25 years, 
interest in thermoplastic composites has steadily increased due to their potential for fast 
forming and weldability, inherently superior fatigue performance, and excellent 
fire/smoke/ toxicity properties as compared with thermoset composites. Further- more, 
the potential of these materials to manufacture large aerospace structures in a cost-
effective manner by an out-of-autoclave or out-of- oven process is appealing. Starting 
with their first applications with the U.S. military’s F-22 fighter jet landing gear and 
weapons-bay doors in the 1980s [4], applications now include the fixed-wing leading 
edge on the Airbus A380 [5]. 
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The wingbox is one of the most complex and heavily loaded primary structures of an 
aircraft in which a minimum number of connections between the different elements is 
desirable to maximize both weight-saving and load-carrying capabilities, in addition to 
lowering the manufacturing/assembling cost. To date, the first single-piece composite 
center wingbox has been manufactured by The Airbus Company using thermoset material 
and an autoclave curing process [6]. Although automated methods for laying 
thermoplastic composites have been investigated [7–9], the process has not yet found 
application for large primary structures. However, the in situ processing of fiber-
reinforced thermoplastics by laser- assisted automated tape placement (LATP) has the 
potential to offer a manufacturing solution for the production of large, optimized 
composite structures. 
Advancements in fiber placement technology have enabled the accurate placement of 
fibers in any direction, even allowing them to be steered in laminated fibrous composites. 
By steering the fibers, the mechanical properties of the material change and, as a result, 
can be tailored throughout the structure. These composite structures are often referred to 
as having variable stiffness (VS). Hyer and Lee [10] performed one of the first studies of 
a VS laminated plate subject to compression loading and showed that, by redistributing 
the load to the supporting edges, large improvements in the buckling load could be 
achieved without compromising the axial stiffness. Further research has shown the 
potential of VS composites for the stiffness [11], buckling [12–18], postbuckling [19–23], 
strength [24,25], fundamental frequency [26], design, and aeroelastic behavior [27–29] 
of structures. Recently, stiffened panels have also been optimized for buckling [30,31] by 
using tow steering. To demonstrate and validate the proof of concept, Rouhi et al. [32] 
recently designed, manufactured, and tested a VS cylinder made of a thermoset material 
system using tow steering and obtained an 18% improvement in its bending-induced 
buckling capacity as compared to its quasi-isotropic counterpart. Proof of the structural 
integrity and viability of a wingbox is typically provided by high-fidelity analysis and 
supported by a structural test [33]. The importance of conducting experiments for 
structural components was highlighted by Harrison and Harris [34]. The experimental 
setup and procedure should be designed and developed such that they closely represent 
the actual loading and boundary conditions. 
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Tow steering not only offers the prospect of enhancing buckling loads by load 
redistribution but also of reducing interlaminar stresses at joints, which arise due to 
stiffness mismatches between multipart structures. By blending inplane structural 
stiffnesses across different structural components, a new type of composite wingbox has 
been built with reduced possibility of failure at joints by employing the steering and 
continuous winding capabilities of LATP. Alongside blending, LATP also facilitates 
concurrent in situ assembly and manufacture of multipart structures, which greatly 
reduces overall production costs, as exemplified by our integrated-stiffener unitized 
design. The current paper discusses the complete cycle of the design, manufacturing, and 
testing of a variable-stiffness blended, unitized integrated-stiffener in situ consolidated 
carbon-fiber/polyether ether ketone (PEEK) composite wingbox. 
First, the load determination and design of the wingbox are discussed (Sec. II). Next, 
details of the manufacturing process of the wingbox are provided in Sec. III. The bespoke 
test frame and dummy wingboxes developed to introduce the determined shear force  and 
bending moment to the composite wingbox are discussed in Sec. IV. The test and 
numerical results along with related discussions are provided in Secs. V and VI, followed 
by concluding remarks in Sec VII.  
4.2 Design of the Wingbox 
The proposed wingbox was chosen to be representative of a medium-range civil transport 
aircraft with a maximum takeoff weight (MTOW) of 75,000 kg and a wingspan of 2b      
36 m, as depicted in Figure 4-1. Although the demonstrator structure does not take all of 
the standard design procedures and regulations for a real flight structure into account, it 
is designed to take into consideration the loading conditions at cruise speed for a section 
of the representative aircraft wingbox located at 85% of the wing semispan. The length 
of the demonstrator wingbox is 750 mm, which is representative of the section between 
two ribs, referred to as sections A and B in Figure 4-1. 
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Figure 4-1:Lift load distribution and location of the considered wingbox section. 
To   determine  the  magnitude  of  the  shear  load  and bending moment, the load 
distribution over the wing was derived by assuming a steady-state horizontal (cruise) 
flight of the airplane with a load factor of n = 1. The magnitudes of the shear and an 
elliptical load distribution over the aircraft’s wingspan. For the preliminary design of the 
wingbox, the material was assumed to be quasi isotropic (QI). In other words, no specific 
layup was needed to be chosen at this stage, and only the thickness was varying. The QI 
stiffness is given by  





where U1 and U4 are the first and fourth invariant properties of a lamina as defined by 
Tsai and Pagano [35]. Assuming the wing is a cantilever beam that is clamped at the root, 





   
F3 =  ∫ q(X2) dX2 
M1 =  ∫ q(X2) X2 dX2 
where X2 is the coordinate spanning the wing with its origin at the wing tip, and q (X2) is 
the elliptical lift force distribution along the wingspan, which is expressed as 





where q0 = 2w∕bπ is the value of the distributed load at the root, and w = MTOW. The 
integration constants involved in Eq. (2) were evaluated by imposing zero values for both 
F3 and M1 at the wing tip. By assuming that the second moment of area was a linear 
function of the bending moment, the displacement of the wing could be expressed as 






Assuming a maximum displacement of the wing tip of 6% of the length, the constant a is 





The required second moment of the area can now be calculated as 




The wingbox demonstrator that was manufactured was not tapered, as shown in Figure 
4-2. To obtain the appropriate values of the shear load and moment, Eqs. (2a) and (2b) 
were used to integrate between sections A and B, imposing the equilibrium condition at 
section B. Using these assumptions, referring to Figure 4-2, wingbox section B is 
considered to be clamped; and the wingbox undergoes a vertical shear load of F3 = 23.8 










   
 
Figure 4-2:Geometry of the wingbox demonstrator. 
Next, the sizing of the stiffeners is considered. Closed Omega- shaped stiffeners (also 
referred to as “hat stringers” in the aerospace industry) have excellent torsional rigidity 
and are structurally more efficient than blade stiffeners [36], and so they were selected 
for use. Due to manufacturing limitations, the height was set to be 40 mm. To determine 
the width of the top and bottom, the buckling load of the wingbox was calculated by 
assuming a layup of  [0/90/− 45/45] s and scaling the thickness of each layer to obtain a 
specific overall total thickness. The thickness and layup of the skin and stiffener were 
assumed to be identical. The outcome of this study showed that the bottom should be as 
large as possible to decrease the inter stiffener spacing, and the top should be as small as 
possible to save weight. The maximum width for the bottom was chosen to be 80 mm, 
which was twice the height; and the top was made 60 mm wide for manufacturing reasons. 
More details can be found in work by Peeters et al. [37]. 
The properties of the thermoplastic material used in manufacturing the wingbox are 
shown in Table  4-1. The carbon-fiber/PEEK material used in this study was supplied by 
Toho-Tenax (Tenax®-E thermoplastic unidirectional prepreg PEEK IMS65). Currently, 
the only fully certified fiber-reinforced PEEK for aerospace structural applications is the 
Cytec APC-2-based material system. However, more recently, new PEEK material 
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systems have been developed by a number of material suppliers that have shown superior 
properties to APC-2 systems, particularly when processed by automated tape placement. 
Comer et al. [38] showed that Suprem™-supplied IM7/ PEEK processed by LATP 
achieved an interlaminar shear strength (ILSS) of 78 MPa, whereas the work by Bandaru 
et al. [39] showed that the LATP-processed material used in this study achieved an ILSS 
of 47.4 MPa (note that this value was achieved without optimizing the LATP processing 
parameters, and so improvement was possible). These data compare well with those 
reported in the literature for APC-2 material systems, in which the ILSS values varied 
from 35.7 to 50 MPa (with the average ILSS of five reported studies being 42.9 MPa) 
[38]. 
Table  4-1: Material properties of the thermoplastic tow 
Property Value 
E1, (GPa) 135.0 
E2, (GPa) 7.54 
G12, (GPa) 5.0 
ν12, (GPa) 0.3 
To determine the number of layers in the skin and stiffeners, the layup was considered to 
be fixed and the thickness of the individual layers was scaled to achieve a thickness that 
corresponded to a specific number of layers. Two different layups were used: a QI layup 
(all layers having the same thickness), and a 60–30–10 case (60% in 0 deg direction, 30% 
in 45 deg direction, and 10% in 90 deg direction). The stiffener was designed to have at 
least the same thickness as the skin. The objective of the sizing was to obtain a minimum 
weight structure with a buckling factor as close as possible to one. In addition, buckling 
was designed to occur in the skin bays between stiffeners, noting that these were the areas 
in which fiber steering was used to improve the buckling load. While performing the 
calculations, it was noted that the side of the wingbox buckled at almost the same load; 
hence, four additional 0 deg layers were added in this region to increase the buckling load. 
The calculations showed that 11 layers in the skin and 12 in the stiffener were sufficient. 
Detailed optimization of the wingbox layup was not carried  out because manufacturing 
considerations provided the greatest influence on the layup. For demonstration purposes, 
the steered layers appeared on the outermost plies of the structure. Also, the first layer 
needed to be a 90 deg ply so as to ensure a viable winding process. As such, the layup 
was not symmetric. However, if the first 90 deg layer was neglected, the remaining part 
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of the laminate was symmetric; and the lack of longitudinal stiffness of the 90 deg had 
little effect on process-induced warping due to asymmetry. As a result, the steered layer 
and its balanced counterpart were layers two and three, respectively. Next, a 0 deg layer 
(i.e., in the longitudinal direction) was inserted to provide axial stiffness and satisfy the 
10% rule [40]. Finally, 45 deg plies were added in the middle. Plies were only steered in 
between the stiffeners (skin bays). As the goal was to redistribute the load from the middle 
of a panel (i.e., the region that would buckle) to the stiffeners, the fiber angle had to be 
closer to 0 deg at the stiffeners than in the middle. As the optimal angle for buckling  
under  a  compression  load  was  ±45  deg,  this  fiber orientation was targeted in the 
middle of the panel in between stiffeners. Furthermore, in the work by Clancy et al. 
[41,42], a steering radius of 400 mm was found to deliver a good bond quality. Hence, 
the fibers were steered from 35 deg over the stiffeners to 52 deg in the middle of a panel. 
The layup of the stiffener was symmetric, starting with a 90 deg layer, and then a 45 deg 
layer to avoid having 0 and 90 deg layers next to each other. Then, two layers of 0 deg 
were used to provide axial stiffness: a −45 deg layer to obtain a balanced layup, and finally 
another 0 deg layer. An overview of all layups is provided in Table  4-2, noting that VS 
and BL refer tovariable-stiffness and baseline designs, respectively. Here, the notation is 
used for the steered section. 
Table  4-2: Layups considered for the wingbox with VS sections 
 Skin bay Skin Stiffener Spar web 
VS 
BL 
90∕[(0 ± (52|35))∕0∕ ± 45]S 
90∕[±45∕0∕ ± 45]S 
90∕[±35∕0∕ ± 45]S 
90∕[±35∕0∕ ± 45]S 
[90∕45∕02∕− 45∕0]S 
[90∕45∕02∕− 45∕0]S 
90∕[±35∕03∕ ± 45]S 
90∕[±35∕03∕ ± 45]S 
To find the improvement in buckling load obtained by steering, finite element (FE) 
analyses, using ABAQUS with S4R elements [43], were performed for both straight fiber 
and VS layups. Offsets of the layup properties were used in the FE model to ensure 
continuity along the edges of elements with a different thickness or stacking sequence. 
To model the fiber angle distribution in the skin bay sections, a subroutine was 
implemented to generate meshes in which each element had an independent constant fiber 
orientation. Hence, 42 different layups were considered for the VS wingbox. A structured 
mesh with 8100 square elements and a total number of 1,437,240 degrees of freedom was 
used to provide converged results. To ensure that only elastic buckling without failure 
was expected, a linear static analysis was performed for the maximum loading condition. 
The principal strains were checked and the maximum principal strain found in any layer 
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was εij ≤ 2500 με, which was considered to be acceptable. The results from the linear 
buckling analyses are shown in Table 3 in terms of the first and second buckling factors 
λ1 and λ2. These  results  show  that  the  use  of  variable-stiffness  layups 
significantly improves the buckling capability of the wingbox structure. For this particular 
case, an improvement of about 13.5% for the first buckling load was obtained as 
compared to its straight fiber counterpart. The first and second buckling modes of the VS 
wingbox are shown in Figure 4-3. It is worth noting that the values of the buckling loads 
for the first two modes are in close proximity, which means a combination of the two 
mode shapes is expected in the real test (as will be shown in Sec. V). The authors would 
like to emphasize that the chosen VS layup does not represent an optimized layup; rather, 
it serves to demonstrate the potential of the present manufacturing technology and 
advantages offered by VS laminates. 
 
Figure 4-3:Buckling mode shapes of the VS wingbox: a) first, and b) second. 
4.3 Manufacture of the Wingbox 
Both the wingbox and the stiffeners were manufactured using a laser-assisted automated 
tape placement process with winding and in situ consolidation. This technology placed 
opposing requirements on the mold used: it should be sufficiently stiff during 
manufacturing, and it should concurrently be able to be simply removed after 
manufacturing is complete. Molds for both the stiffeners and wingbox were made to be 
collapsible. Once the ribs were made, they were inserted into recesses in the wingbox tool 
so as to be ready for subsequent winding of the wingbox. Figure 4-4 (a) shows the 
stiffeners in place for subsequent overwinding by LATP. Further details on stiffener 
design and manufacture can be found in work by Peeters et al. [37]. 
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The connection between the stiffeners and the skin was achieved during laydown of the 
first layer. This connection has been characterized in detail in work by Bandaru et al. [39]. 
Particular attention was paid to the positioning of the stiffeners in the mold. To have a 
flat surface in the skin-stiffener regions, the stiffeners were shimmed to get them flush 
with the outer surface of the mold. Steering of tows is accomplished using a circular 
motion, as was explained in more detail by Clancy et al. [41,42], The finished wingbox 
with the VS (steered) layers on the outside is shown in Figure 4-4 (b). 
 
Figure 4-4: Manufacturing of the wingbox. 
4.4 Design of the Test Frame 
The test frame was designed to meet two objectives: 1) the target values of shear force 
and bending moment, and 2) appropriate load introduction (so that the boundary 
conditions on the composite wingbox were representative). Load introduction to the 
composite wingbox was done through adjoining aluminum wingboxes, referred to 
hereafter as dummy wingboxes, of the same cross-sectional dimensions and configuration 
as the demonstrator to match inplane stiffnesses across the composite/dummy joint. This 
assembly was then loaded in a three-point bend testing frame. By choosing the length of 
the dummy wingbox from the load introduction point to the start of the wingbox, the 
target values of the shear force and bending moment were achieved. The boundary  
conditions  provided  by the dummy wingboxes were another advantage: the forces were 
distributed over the cross section of the wingbox and, as a result, minimized localized 
stress concentrations. 
The large three-point bend setup with long lever arms ensures the difficulty of introducing 
a moment directly to the composite wingbox is avoided and that only normal forces need 
to be reacted. The load introduction was provided by a motorized jack-screw mechanism, 
which pulled upward such that the buckling occurred on the top side of the wingbox. 
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Deformation of the structure was observed using a digital image correlation (DIC) system. 
The reaction force in the middle RF1 was provided by placing a steel tube (fixed to the 
test frame) above the dummy wingbox, 300 mm after the wingbox, to avoid unnecessary 
stress concentration. The reaction force at the end RF2 was provided by a pinned support. 
The complete test frame and the wingbox assembly are schematically shown in Figure 
4-5. It should be highlighted that this frame was designed to be self-equilibrating (i.e., 
irrespective of load magnitude, the force exerted on the ground only comprised the weight 
of the test frame plus the wingbox assembly). 
 
Figure 4-5:Overview of the testing fixture including the wingbox assembly and the 
test frame (dimensions are in millimeters). 
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The dummy wingboxes were designed to have an equivalent bending stiffness to that of 
the wingbox. This consideration minimized stress concentrations in the joint between the 
wingbox and the dummy wingboxes. For joining purposes, the stiffeners of the dummy 
wingboxes were made slightly larger such that they fitted snugly over the wingbox 
stiffeners. The difference in the elastic modulus was compensated by making the skin of 
the dummy wingboxes slightly thicker: 3 mm as compared to 2.3 mm for the wingbox. 
Within the dummy wingboxes, three places are exposed to highly concentrated forces: 
the load introduction point and the two reaction sites. Because the reaction force in the 
middle RF1 is the highest, an internal support structure (see purple and green plates in 
Figure 4-5), as reinforcement to the dummy wingbox, is designed for this load and 
replicated to the other two highly loaded places, as shown in more detail in Figure 4-6. A 
detailed description of the support structure design can be found in work by Zucco et al. 
[44]. 
 
Figure 4-6:Detailed view of the assembled support structure (top) inside the dummy 
wingbox to accommodate RF1 and (bottom) at the two ends. 
Next to the support structures at the highly loaded points, two additional ribs were also 
added in the dummy wingbox to avoid buckling of the skins. The shape, thickness, and 
connections of these ribs were the same as the aluminum ribs in the support structure. The 
dummy wingboxes were made up of four flat plates connected with L brackets to obtain 
the same shape as the wingbox. This assembly was significantly more cumbersome and 
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time consuming (noting there were more than 7200 rivets and bolted joints used) than the 
unitized structure that was manufactured for the wingbox. Such a reduced part count 
highlighted the possible time savings by using unitized structures. A general overview of 
the assembly is shown in Figure 4-7, with more details given by Zucco et al. [44]. 
 
Figure 4-7:Exploded view of the wingbox assembly. 
The overlap between the wingbox and the dummy wingboxes is one of the most important 
parts of the complete assembly. In this region, all forces need to be transferred from the 
aluminum to the composite parts while avoiding stress concentrations. The general rule 
of thumb is to use 20 times the thickness as overlap length, but the ratio is increased 
slightly in the current work, i.e., an overlap of 55 mm was used while maintaining a 
sufficient length of the test section of the wingbox. A double-lap joint ensures torsional 
effects are avoided in the overlapped region. The only locations where this is not possible 
are at the stiffeners, where a single-lap joint is used. Both mechanical (i.e., rivets and 
bolts) and adhesive bondings (epoxy) are used in the overlap region: the stress 
calculations are performed by assuming only mechanical fastening, and the adhesive is 
used for added safety. 
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4.5 Test Results 
The structural response of the wingbox to the three-point bending test was assessed during 
loading/unloading up to slightly above its buckling point by recording its deformation 
using 32 strain gauges placed at the specified points of interest, as shown in Figure 4-8. 
For those areas prone to localized bending due to buckling, back-to-back (on both sides 
of the skin) strain gauges were installed to record the onset of buckling, i.e., the load at 
which the strain values of the two sides deviated from each other, as well as the 
postbuckling deformation. 
 
Figure 4-8:Locations of the strain gauges installed on the composite wingbox for 
testing. 
In addition, a digital image correlation system was used to capture the buckling 
deformation of the top surface of the wingbox. To this end, the top skin, which was prone 
to buckle, was speckled (as shown in Figure 4-9) for the DIC camera to measure the 
displacement field, and consequently the deformation profile. 
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Figure 4-9:Strain gauges location on the composite wingbox and the speckled pattern 
(left); and the test setup with the DIC cameras installed above the assembly (right). 
The loading was introduced by a displacement-controlled jack- screw mechanism with a 
moving rate of 0.2 mm/min. The load values during the test were recorded by a load cell 
linked to the jack screw. The displacement of the wingbox assembly was also measured 
by two gauges mounted on the bottom side of the wingbox, as shown in Figure 4-10. By 
using a displacement gauge at each side, it was possible to quantify any twist of the 
wingbox during testing. 
 




   
Figure 4-11 (a) shows the displacement values measured by the two displacement gauges 
during the loading and unloading cycles. Unfortunately, one of the displacement gauges 
reached its maximum limit (at uy ≈ 22 mm) before the maximum applied load. As 
observed, the structure behaved slightly stiffer in unloading than loading, leaving about a 
3 mm residual displacement due to slack in the numerous (more than 7200) rivets and 
bolted joints used in the two dummy wingboxes. A second run was also performed, as 
shown in Fig. 11b, that clearly showed the reduction of the displacement mismatch 
between the loading and unloading paths to a negligible value because the slack was 
irreversibly absorbed during loading. Although the slopes of the load-displacement plots 
measured by the two gauges were almost identical, a slight difference (≈2 mm) was 
observed  between  the  right-hand-side  (RHS)  and left-hand-side  (LHS) gauges, which 
showed a slight twist of the wingbox assembly occurring during the test. The initial 
amount of twist remained unchanged during the full loading cycle, indicating that it was 
due to misalignment in the testing setup assembly. Figure 4-12 shows the load- 
displacement behavior of the wingbox assembly if the displacements of the two 
displacement gauges shown in  Figure 4-10 were averaged. 
 
Figure 4-11:Displacements (displ.) measured at the left- and right-hand sides of the 
loading end of the wingbox assembly (see Figure 10 in the a) first and b) second runs 
of the test. 
  
98 
   
 
Figure 4-12: Averaged load-displacement behavior of the wingbox assembly in the a) 
first and b) second runs of the test. 
Figure 4-13 and Figure 4-14 show the axial strain (compressive) values measured at the 
mid-width of the top skin bays close to the middle support of the test frame during the 
first and second runs of testing, respectively. Similar to the load-displacement plot, the 
difference between the loading and unloading paths is negligible in the second run due to 
the absence of slack. As expected, the measured back-to-back strain values at the two 
sides of the top skin deviate from each other at the onset of the localized bending due to 
skin buckling. The slightly decreased value of the strain at the inner side and the opposite 
trend at the outer side of the skin show that the localized bumps due to the buckling are 
outward in those regions. 
 
Figure 4-13: Strain values measured by the strain gauges installed back to back close  
to the support side  of the wingbox’s  top skin (left  and right) in  the first run. 
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Figure 4-14: Strain values measured by the strain gauges installed back to back close  
to the support side  of the wingbox’s  top skin (left  and right) in  the second run. 
Two strain gauges were also installed at the midwidth of the top skin bays; but, this time, 
they were placed close to the load introduction side of the wingbox. As observed in Figure 
4-15 and Figure 4-16, there was no evidence of buckling in these regions. The bending 
moment, and consequently the compressive section load, was lower at these regions as 
compared to the regions where buckling occurred. The slight mismatch in the second test 
came from a measuring error that occurred due to partial debonding of one of the strain 
gauges from the skin surface of the wingbox. 
 
Figure 4-15: Strain values measured by the strain gauges installed back to back close 
to the loading side of the wingbox’s top skin (left and right) in the first run. 
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Figure 4-16: Strain values measured by the strain gauges installed back to back close 
to the loading side of the wingbox’s top skin (left and right) in the second run. 
Figure 4-17 includes the out-of-plane displacement contour of the top surface of the 
wingbox measured by the DIC system at the maximum applied load, i.e., FY ≈ 31 kN. In 
addition to the outward bump due to the localized bending at the buckled regions, the 
slight twist mentioned earlier is also observed in this contour. 
 
Figure 4-17: Out-of-plane displacement contour averaged at the marked region 
(buckled) and measured from the DIC system versus time. 
To evaluate the buckling load from the test, the displacement values measured by the DIC 
system were averaged within a small region (black box in the contour plot) about the 
center of the buckled region and plotted against time, as shown in Figure 4-17. The slope 
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change, in this plot, occurred at a time interval between 7000 to 7300 s, in which the load 
value measured from the load cell (i.e., the experimentally measured buckling load) 
ranged from Fy = 26.1 to 27.2 kN. 
4.6 Finite Element Modeling and Simulation 
Before testing, the wingbox assembly and test frame were modeled and simulated using 
the ABAQUS FE analysis software. Although the composite wingbox used S4R shell 
elements, the two dummy wingboxes used a mixture of S4R elements for the skin and 
C3D8R solid elements for the stringers and interior support structures. The FE model 
together with the manufactured wingbox assembly is shown in Figure 4-18. The 
overlapping joints between composite and dummy wingboxes were modeled by using the 
tie constraints of ABAQUS, as shown in Figure 4-19.  
 
Figure 4-18: Finite element model and manufactured wingbox assembly. 
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Figure 4-19: Detailed view of the joint between the composite and dummy wingboxes 
modeled in ABAQUS (left) and the actual parts glued in the joint area (right). 
Following a convergence study, the load was applied to a rigid bar linked to one end of 
the wingbox (load introduction side), whereas the other end was simply supported. At the 
middle support line, where the wingbox assembly was supported at the top by a horizontal 
tube in the test frame (see Figure 4-5), a contact condition was generated by fixing the 
out-of-plane displacement at that region. For the assembly, a linear buckling analysis was 
performed, followed by a nonlinear static analysis. The strain values resulted  from  both  
FE  analyses, and the tests at the most critical regions were less than 1200 με, which was 
well below the maximum design strain limit considered in this  work (i.e., 2500 με) that 
is much lower than  the maximum strain limit of the thermoplastic composite material by 
itself, which was determined to be at least 5000 με in the transverse direction ε22 from 
material characterization tests carried out in house. 
4.6.1 Linear Buckling Analysis 
The linear buckling analysis of the VS  composite  wingbox was performed by using the 
subspace algorithm. The resulting buckling mode shape agreed with that observed 
previously [45].  It is worth noting that the VS wingbox was shown to have approximately 
14% higher buckling capacity than the constant- stiffness equivalent design [45]. The first 
buckling mode shape of the wingbox is shown in Figure 4-20, in which the whole 
assembly was considered in the FE analysis. Although the two dummy wingboxes did not 
change the buckling  mode  shape,  the  buckling  load  (Fcr = 26.3 kN) was found to be 
about 6.8% less than for the ideal case   (Fcr = 28.1 kN),   in   which   the   composite  
wingbox was modeled alone (Figure 4-3). 
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Figure 4-20: First buckling mode shape of the wingbox considering the whole 
assembly in the model (Fcr = 26.3 kN). 
4.6.2 Nonlinear Analysis 
To have a more realistic prediction of the wingbox assembly during the test, a nonlinear 
analysis was also performed by using the path- following Riks algorithm. The geometric 
nonlinearity was considered to account for large deformations. A small imperfection with 
the shape of the first buckling mode and an amplitude of 10−5 of the wingbox thickness 
were imposed on the model. The equilibrium path obtained from the nonlinear analysis 
in comparison with the test result is shown in Figure 4-21, in which good agreement 
between them is observed. 
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Figure 4-21: Load-displacement behavior of the wingbox assembly resulting from the 
nonlinear analysis and test. 
The nonlinear FE analysis results for the axial strains located at points of interest on the 
top skin are shown in Figure 4-22 and Figure 4-23 in comparison with the test results 
measured by the strain gauges. Although the overall behavior resulting from the FE 
analysis and the test are in agreement with each other, the strain values do not match 
perfectly, especially for large load values. It is believed that this mismatch comes from 
the imperfection of the wingbox due to manufacturing and the imperfection of the FE 
analysis as compared to the reality in the material properties and geometry. 
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Figure 4-22: Axial strains calculated by finite element method (FEM) and measured 
(strain gauges) inside and outside of the composite wingbox’s top skin (left and right) 
close to the support side. 
 
Figure 4-23: Axial strains calculated by finite element method (FEM) and measured 
(strain gauges) inside and outside of the composite wingbox’s top skin (left and right) 
close to the load introduction side. 
4.7 Conclusions 
The design, manufacture, and testing of an in situ consolidated variable-stiffness unitized, 
thermoplastic composite wingbox segment (with integral omega stiffeners) manufactured 
by laser-assisted automated tape placement has been undertaken. The manufactured 
wingbox segment, which was based on the design loads and the approximate geometry 
of the wingbox of a B737/A320 size aircraft at 85% of the wing semispan, was a 
demonstrator of several novel technologies and was not intended to be fully representative 
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of an actual aircraft component. The wingbox demonstrator was designed to buckle 
elastically at the design load. Variable stiffness in the wingbox top and bottom skins was 
achieved by fiber steering, which increased the skin buckling load. Besides the steered 
layers, all major fiber angles (i.e., 0, 90, and 45 deg) were used. 
To perform the test, a test frame was designed and two dummy wingboxes were used to 
introduce the load. This arrangement had the advantage that stress concentrations were 
minimized, and the load was offset so that the appropriate values of the shear force and 
bending moment could be achieved. Extra support structures were introduced inside the 
dummy wingboxes to accommodate the concentrated loads at the critical regions (load 
introduction, and middle and end supports). A bespoke steel test frame was also designed 
and manufactured to perform an experimental test. The test was performed twice to 
saturate the slack in the thousands of fasteners and joints used in the wingbox, as well as 
to show the structural viability of the wingbox under the loading condition for which it 
was designed. By redoing the test, it was noticed that the same stiffness and buckling load 
were found, meaning that buckling did not cause failure in the wingbox. This work 
highlighted the potential of producing large thermoplastic composite structures by in situ 
consolidation. Future work will include assessing the structural integrity of the 
subcomponents of the wingbox: e.g., the stringer-to- skin bond strength and wingbox 
corner strength. Furthermore, as the wingbox only buckled elastically, more tests with 
different loading scenarios will be carried out, including a possible test to failure. Future 
studies might also include laminate optimization to determine the orientation angles for 
straight fibers and tow paths for steered plies while accounting for manufacturing 
constraints such as laps and gaps. 
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Summary Statement 
Research conducted in this chapter showed it is possible to produce a full scale CF/ PEEK 
wingbox component with VAT sections. Furthermore, finite element models verified by 
the wingbox test, showed a 14% increase in critical buckling load when the VAT wingbox 
was compared to a straight fibre wingbox. However, gaps were present on the VAT 
wingbox. This raised the research question whether buckling performance would improve 
further if gaps were eliminated. Chapter 5 addresses this issue by designing and testing a 
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Introductory Statement 
Chapter 4 showed that it is possible to manufacture a full scale component with VAT and 
in-situ consolidation of CF/PEEK pre-preg tapes. When tested in bending and shear, the 
VAT wingbox displayed a 14% increase in critical buckling load when compared to a 
straight fibre wingbox. However, the VAT sections on the wingbox contained gaps. As 
mentioned in the state-of-the-art review, gaps induce fibre waviness when subsequent 
layers are positioned into place. This fibre waviness reduces stiffness and strength 
properties. The following study investigates a method which has the ability to vary the 
width of pre-preg tapes as they are laid into position. This is a potential solution to the 
issues of gaps as tape width can be varied to fill the corresponding gap between 
neighbouring steered tapes. In this chapter, the design and test of a small device that can 
vary the width of CF/PEEK pre-preg tapes and can be installed onto the ATP processing 
head is presented. 
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Abstract 
This study investigates a device for in-line continuous spreading of carbon 
fibre/thermoplastic pre-preg tape for potential application in the Laser-Assisted 
Automatic Tape Placement (LATP) laminate manufacturing process. The spreading 
device allows variable tape width to be achieved locally during lay-up. Integration of this 
device in the LATP process would remove gap and overlap manufacturing defects in 
variable angle tow (VAT) laminates and complex curvature components. During trials 
different width tapes were produced using the novel spreading device. Three different 
width increases were investigated, viz. 15%, 30% and 45%, and were compared with as-
received tape. Initial trials indicate that it is possible to achieve a tape width increase of 
62 %. Preliminary characterisation tests show that the spreading process does not 
adversely affect the properties of the tapes. Physical properties including cross-sectional 
area, fibre volume fraction and void content remain similar to as-received tape. 
Furthermore, differential scanning calorimetry data show that levels of crystallinity 
increase due to spreading, improving related mechanical properties. 
Keywords:  Automated Fibre Placement; Thermoplastic; Physical Properties; Mechanical 
Testing 
5.1 Introduction 
There is an increasing demand to produce composite components using out-of-autoclave 
methods that are both time and cost efficient [1]. Laser-Assisted Automatic Tape 
Placement (LATP) in-situ consolidation of carbon fibre/thermoplastic pre-preg tapes is 
an out-of-autoclave process that can produce high performance composite structures. 
LATP allows greater control of fibre orientation, and it is also enables Variable Angle 
Tow (VAT) laminates to be produced. In VAT layers, fibres are orientated in curvilinear 
paths so as to improve stress distributions and align with desired load paths, providing 
excellent performance without increasing weight [2-6]. However, VAT laminates are 
prone to manufacturing defects such as fibre wrinkling, fibre pull-up, gaps and overlaps 
[7]. Fibre wrinkling and fibre pull-up are avoided by manufacturing steered laminates 
with a sufficiently large radius, that may limit performance. Gaps are caused by offsetting 
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the reference path of consecutive tapes resulting in misalignment of their edges. Overlaps 
are created by not fully offsetting the start point of each tape deposition, resulting in 
neighbouring tapes overlapping. Several authors completed studies to investigate the 
effect of gaps on the mechanical properties of a constant stiffness laminate made by 
Automated Fibre Placement (AFP). It was found that gaps reduce both laminate strength 
and average strain to failure [8].  
A previous study completed by Clancy et al. [9] shows that it is possible to manufacture 
VAT laminates with carbon fibre polyether ether ketone (CF/PEEK) pre-preg tapes 
without incurring fibre wrinkling or buckling issues for a minimum steering radius of 400 
mm on a tape width of 6 mm. Notably, this value is smaller than that reported for carbon 
fibre/epoxy tape using ATP/AFP processes, which is 508 mm [8] , and in doing so, offers 
potential for significant performance enhancement by allowing greater levels of load 
redistribution. Fibre reinforced thermoplastics, such as CF/PEEK, have several other 
benefits compared to thermoset systems, such as in-situ consolidation, recyclability, 
excellent fracture toughness and eliminating the need for frozen storage [1]. In addition, 
our proposed method of in-situ spreading of CF/PEEK pre-preg tapes during the LATP 
process, which involves adding a spreading step before the consolidation process, can 
eliminate gaps and overlaps, providing the prospect of tessellated tapes within a layer. By 
using an additional compaction roller and heated platen, the width of the incoming tape 
can increase to fill the corresponding gap between successive neighbouring steered tapes. 
Processing variables such as pressure, heat and rate can be altered to vary the width as 
the tape is steered. Tape spreading also gives the ability to manufacture wrinkle-free 
doubly-curved surfaces such as domes, which can be used in applications such as aircraft 
noses and nacelles. For such structures, tapes need to be wider at the base than the pole, 
as shown in Figure 5-1. Varying tape width can be beneficial as it produces doubly-curved 
surfaces without gaps, overlaps or fibre cuts, resulting in an overall more efficient 
structure with improved geometric tolerances. Furthermore, spreading of CF/PEEK tapes, 
due to conservation of volume, allows tailoring of thickness distributions to meet specific 
performance requirements, including tuning thickness and fibre orientation independently 
of each other. Tuning thickness by spreading is beneficial as it minimises stress and strain 




   
 
Figure 5-1: Example of how segment of dome varies in width from base to tip 
Several studies have previously investigated the spreading of dry fibre tows to 
manufacture thinner pre-preg tapes. This process has involved dry tows that were spread 
by using several rollers; the tows were subsequently impregnated with resin by passing 
them through a resin bath. Wilson [10] derived a relationship showing that the width of a 
spread tow depends on the lateral distance and angle between two rollers. However, the 
expression developed indicates that the width of the spread dry tow does not depend on 
the tension applied. However, Irfan et al. [11] completed a further study that showed that 
tension applied to the dry tow does affect the amount of tow spreading. They also 
completed a number of experimental studies, where dry fibre tows were passed through 
several different roller configurations to identify the set-up that provides the greatest 
amount of spreading. A schematic diagram of their test set-up is shown in Figure 5-2, 
which includes the ability to vary length and angle between rods.  
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Figure 5-2: (a) Varying length & angle between rods, (b) varying length between 
rods, (c) varying angle between rods [11] 
Related work includes numerous studies [12-15] that investigated the deformation of 
viscous pre-preg tapes while pressure is applied. In particular, the effect of processing 
conditions, temperature as well as pressure, from autoclave and automated tape placement 
on thermoplastic pre-preg tapes was studied. Increasing temperature makes the resin 
increasingly viscous and then various levels of pressure consolidate the tape layers 
together. However, applying a downward pressure to a viscous pre-preg tape also creates 
a transverse squeeze flow effect in both resin and fibres, which deforms the tapes by 
increasing width and decreasing thickness. Squeeze flow describes the shear deformation 
of viscous materials and the effects of which are often measured using rheometry [16]. 
When constrained by fibres the flow mechanisms become anisotropic and transverse 
squeeze flow describes the main mechanism that allows resin to coalesce across laminae, 
resulting in good interfacial bonding. However, excessive flow may induce resin or fibre 
migration and adversely affect mechanical properties, dimensions and integrity of the 
final product [12]. Therefore, the effects that different temperatures and pressures, have 
on squeeze flow of pre-preg tapes is an important consideration. Transverse squeeze flow 
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is also the main mechanism by which width and thickness change during spreading of 
pre-preg tapes. Many of the previous studies investigating squeeze flow of pre-preg tapes 
completed a static analysis, where a stationary pre-preg tape is compressed and gradually 
heated between two platens. These studies analysed the influence that parameters such as 
pressure, temperature, time, fibre content and fibre orientation have on squeeze flow 
characteristics, namely geometrical changes in width and thickness and also fibre 
dispersion. Previous studies [12-14] conclude that squeeze flow only occurs 
perpendicular to fibre direction, as the fibres are stiffer than the viscous matrix. Two of 
these studies [12, 13] show that fibre content prevents squeeze flow, due to the constraint 
of relatively stiff fibres. Additionally, one of the studies [13] showed that fibre 
orientations affects squeeze flow. When two 0° plies are adjacent to each other, transverse 
flow perpendicular to the fibres in unrestricted. However, when a 0° ply is stacked on top 
of a 90° ply, squeeze flow is restricted in both plies as fibres are perpendicular to each 
other confining the viscous resin.  
Wang & Gutowski [14] investigated the elimination of gaps and overlaps in laminates 
produced using ATP. During tape lay-up, laps and gaps result from inherent machine and 
human inaccuracies, as well as by the inability of the tape to conform to complex 
geometries. Their study examines whether these flaws can be removed during processing 
by transverse flow processes during consolidation. Samples of thermoplastic composites 
were compressed in a static testing device, and deformation measured. A pressure of 1.4 
MPa based on the mould dimensions, and a consolidation time of 10 min were used for 
all experiments at the manufacturer’s recommended consolidation temperature of 390 °C. 
Experimental results were also compared with mathematical models using the flow of a 
power law fluid to predict transverse shear flow. Findings from their study showed that it 
is plausible that transverse shear flow could be used to fill gaps between adjacent tows. 
However, it is more complicated to eliminate overlaps using transverse shear flow. 
Analysis also showed that shear flow is time dependent, initially an increase in the 
consolidation time gives an increase in the maximum allowable overlap or gap, but that 
the rate of increase diminishes with time. Due to the nature of the flow, transverse 
spreading initially occurs very rapidly but soon reduces, indicating that while processing 
with ATP, slower lay-down speeds could result in increased spreading. Wang & 
Gutowski [14] also show that shear within the interior of the composite layer occurs and 
that deformation is not on the upper and lower surfaces of the pre-preg tape. Modelling, 
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which is in good agreement with prediction of elimination of gaps, shows that narrower 
tapes produce a larger increase in width than wider tapes when using the same 
consolidation pressure, as expected since the downward force exerts over a smaller area.  
The majority of these studies carried out steady-state experiments, where tapes were held 
static during testing, whereby pre-preg tapes were compressed and gradually heated 
between two platens and resulting deformation measured, similarly to that shown in 
Figure 5-3. This type of experiment is more representative of autoclave processing and 
not ATP, where tapes are rapidly heated  and placed into position with a constantly 
moving head. One particular study [15] investigated squeeze flow of carbon fibre/PEEK 
tapes for the application of ATP. Deformation of tape was analysed after being processed 
by an ATP head with varying degrees of temperature (370 °C, 385 °C, 400 °C), 
consolidation force (10 kg, 25 kg, 40 kg), laydown speed (16.5 mm/s, 33.5 mm/s, 50 
mm/s) and fibre angle of the substrate (0°, 45°, 90°). They found that temperature had 
little effect on squeeze flow as viscosity changed insignificantly once the melt 
temperature was reached. Pressure imparted by consolidation roller and fibre angle were 
found to have greatest influence. In the case of a 40 kg consolidation force and 0° fibre 
angle substrate, a 48% average increase in width was observed. However, the authors do 
note that this consolidation force is ‘moderately high’ in comparison to usual ATP 
processing parameters. 
 
Figure 5-3: Example of steady state experimental set up to measure squeeze flow[13] 
  
120 
   
As well as eliminating gaps in VAT laminates, spreading can also have the beneficial 
effect of improving mechanical properties of conventional constant fibre angle laminates.  
Spreading of fibres and matrix creates more consistent fibre dispersion, reducing resin-
rich areas. As volume is conserved, spreading pre-preg makes thinner plies. It is 
noteworthy that thinner plies have less load transferred to free edges, thereby increasing 
interlaminar shear strength. Thin laminae were also reported to suppress both micro-
cracking and delamination damage [17]. Thinner plies also provide more choice in 
optimising laminate structure, as more layers are required for a given laminate thickness. 
Sihn et al. [18] completed a study where laminates were manufactured with different 
numbers of layers but the same total thickness, and where the thin-ply laminate comprises 
laminae five times thinner than the thick laminate. Results showed that the thin-ply 
laminate displays higher strain to failure and greater tensile strength for a quasi-isotropic 
layup as it was capable of delaying the onset of micro cracking and delamination. 
Additionally, the laminate with thinner layers improved fatigue performance showing 
lower levels of micro-cracking and greater residual strength after 50,000 cycles at 60% 
of the ultimate tensile strength. This study highlights that spreading can improve the 
performance of constant fibre angle laminates. 
5.1.1 Motivation of this study 
The motivation for this study originates from previous work by Zucco et al. [19], who 
investigated the effect of variable angle tows in a composite wingbox (Figure 5-4 (a)). 
VAT plies were introduced into the unsupported skin between stringers to redistribute 
bending loads to supported (stringer) regions to delay the onset of buckling. An 
experimental static test validated finite element models. The study successfully showed 
that the buckling load for the VAT wingbox increases by 14 % compared to a constant 
fibre angle wingbox. However, gaps between neighbouring steered tows on the wingbox 
occurred due to the mismatch of steering radius between the inner and outer edge of 
steered tapes (Figure 5-4 (b)). These gaps resulted in steps between tapes, creating 
potential stress concentrations. Eliminating gaps could yield a further increase in the 
performance of the wingbox. Incorporating a spreading process into the LATP head 
mechanism before the tapes are consolidated into place would be highly beneficial in this 
case, as shown in Figure 5-5. The current study focuses on the development and feasibility 
of a tape spreading device, which can be integrated into an LATP head. The spreading 
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device comprises a pneumatic actuator, compaction shoe, a guide and a heated platen. 
The platen is heated up close to the melt temperature of PEEK, thus reducing the viscosity 
of the CF/PEEK tape. The CF/PEEK tape is then compressed by the compaction shoe, 
which is controlled by a pressure regulator. The pressure is gradually increased to widen 
CF/PEEK tape by an amount corresponding to the changing gap between neighbouring 
steered tapes. A more in-depth description of this process is given in Section 5.2. 
 
Figure 5-4: (a) Composite wingbox with variable angle tow, (b) highlighting steered 
pattern with gaps. 
 
Figure 5-5: (a) Spreading device, (b) spreading device incorporated into the LATP 
machine. 
The work presented here advances preliminary research by Clancy et al. [20], 
investigating the spreading of CF/PEEK pre-preg tapes by using a new, additional step in 
the LATP manufacturing process. The novelty of this study is the ability to continuously 
spread carbon fibre/PEEK pre-preg tapes with a device that can be integrated into an ATP 
head. To the best of the authors’ knowledge, no previous work has been published which 
can continuously vary the width of carbon fibre /PEEK pre-preg tape with a separate 
device to the ATP compaction roller. 
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In this study, a geometrical study examines how spreading benefits steering capability. 
Initial characterisation tests examine the effect of spreading on the quality of the pre-preg 
tapes, for 0% (original), 15%, 30%, and 45% increases in width. Geometrical analysis, 
optical microscopy, scanning electron microscopy and differential scanning calorimetry 
characterise the quality of spread tapes. Section 5.1.2 describes applications where 
spreading could be utilised, specifically in the area of tow steering or VAT laminates. 
Section 5.2 gives details of the tape spreading process and how parameters are varied to 
vary the width of pre-preg tapes. Section 5.3 gives details of the experimental testing used 
to analyse does the spreading process negatively affect the quality of the pre-preg tapes. 
Results and discussions are presented in Section 5.4 and finally conclusions are outlined 
in Section 5.5.  
5.1.2 Applications of Spreading 
To eliminate tape overlapping in steered plies, the location of the starting point of a 
neighbouring tape needs to be offset by the width of the tape in the horizontal and vertical 
direction (Figure 5-6 (a) & (b)). However, this step creates a discontinuity (i.e. gap) 
between centres of arc between first and second tape positions, which manifests itself as 
a gap between consecutive tapes (Figure 5-6 (c)). The maximum gap between 
neighbouring steered tapes depends on the width of the tape itself. This relationship is 
illustrated in Figure 5-6 (c), by offsetting the tape by one width in the y-direction and x-
direction prevents the tape from overlapping. However, this action moves the centre point 
of the steering arc a distance given by the square root of twice the width squared in the 
45° direction. The maximum width of a gap between adjacent steered tapes is the resultant 
vector minus the width of the tape, calculated by 
 Max Gap width =  √x2 + y2 - Tape width (1) 
The maximum percentage by which tapes need to be spread to eliminate the gap is the 
resultant vector minus the width of the tape, which is 41.4% of the initial starting width 
of the tape. As the tape is steered, the width of the tape can be increased gradually by 
spreading as it is consolidated into place. Once it reaches the location of the maximum 
gap, the width can be decreased gradually, resulting in steered tapes that tessellate. Other 
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examples of the benefit of tape spreading application to doubly-curved surfaces, such as 
engine nacelles, are given in [20]. 
 
Figure 5-6: Examples of offsetting constant width tows. 
5.2 Tape Spreading Process 
5.2.1 Tape spreading Device 
The benefits of tape spreading can only be realised by the development and incorporation 
of a tape spreading device onto an LATP head to allow active spreading prior to laydown 
and in-situ consolidation. This section describes such a tape spreading device developed 
by the authors, which has recently been filed for a patent [21]. An initial concept for 
spreading CF/PEEK tapes is shown in Figure 5-7, which consists of a tape spreader 
equipped with a heated platen, two compaction stages and two pneumatic actuators 
(Figure 5-7(b)). A pneumatic regulator, variable speed pull-through rig and temperature 
controller are also included in the experimental set-up (Figure 5-7 (a)). The CF/PEEK 
tape is attached to the pull-through rig, which draws the tape through the tape spreader. 
The temperature of the platen is set close to the melt temperature of PEEK, ensuring that 
the viscosity/stiffness of the PEEK material decreases when in contact with the plate. 
Simultaneously, the compaction shoes apply pressure to the heated tapes, compressing 
them. This compression squeezes matrix and fibres in the through-thickness direction 
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causing their lateral dispersion by squeeze flow processes, which manifests as increased 
tape width. The extent of spreading can be varied by modifying relevant processing 
parameters of the spreading device, such as temperature and pressure. Temperature can 
be increased or decreased to change the viscosity of PEEK accordingly, varying the 
amount of spreading that occurs. The pressure applied to the pneumatic actuators can be 
varied to apply different levels of compaction force to the tapes. The rate of tape 
deposition is controlled by the pull-through rig that has a variable speed controller. The 
number of passes is dictated by passing the CF/PEEK tape through the spreader multiple 
times. Finally, the tape spreader compaction shoes are interchangeable, allowing the use 
of either a rotating or stationary roller, or a flat compaction shoe with different surfaces 
areas to apply pressure to the tape. Figure 5-7 (c) shows the cross-section of three different 
compaction shoes used, 1 a stationary roller, 2 a flat compaction shoe and 3 a flat 
compaction shoe with larger surface area. Using compaction shoes with different surface 
areas gives variability in the downward pressure applied to the tapes. Larger surface areas 
also allow the tape a longer time to gradually change width, while heat is also given more 
time to transfer from the heated surfaces to the tapes. 
 
Figure 5-7:  (a) Experimental set up for spreading CF/PEEK, (b) Tape spreader, (c) 
different compaction shoe geometry profiles  
3.2 Proof of Concept 
Initial testing was carried out to examine whether it is possible to spread CF/PEEK tapes. 
Different parameters were investigated to determine the effect each had on tape spreading. 
After preliminary testing in which approxiametly 100 trials were completed, it was 
evident that temperature and pressure have the most significant influence on the quality 
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of spread CF/PEEK tapes. If too much heat or pressure is applied, the tape will be 
damaged. Higher processing temperatures (above 380 °C) reduce the viscosity of PEEK 
to a point where it becomes too weak (low shear strength) to remain intact. Too high a 
compaction pressure (above 5 bar) results in increased friction that can damage fibres. In 
some cases fibres accumulate on the surface creating a fuzz. Excessive pressure can also 
result in resin being scraped off the outer surface of the tape and accumulate on the 
compaction shoe. Resin on the compaction shoe then acts as a wedge and can cause the 
tape to split parallel to the fibres. Pull-through rate can also effect the quality of the tape, 
as a compaction shoe is used friction between the tape and shoe can be an issue. If too 
fast a pull-through rate is used friction generates added heat which results in issues 
mentioned above related to excessive heat.  Compaction rollers were first trialled instead 
of compaction shoes. It was discovered that loose fibres would stick to the surface of the 
roller and continue to wrap around the roller, causing significant damage to the tape. In 
contrast, insufficient temperature (below 365 °C) and pressure ( below 1 bar) results in 
no spreading occurring. However, after an initial trial and error process, testing yielded 
optimal processing parameters, resulting in CF/PEEK tape spreading without damaging 
fibres. A Vernier calliper was used to measure tape width before and after the spreading 
process. Measurements show that the maximum amount of spreading achieved was 62 %, 
as shown in Figure 5-8. The initial nominal width increases from 6.35 mm to 10.3 mm 
after passing tape through the spreading device; there is no evidence of splitting or fibre 
pull-out, and surface roughness appears to be the same as before spreading.  
 
Figure 5-8: Comparison of as-received and spread CF/PEEK tape. 
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The ability to increase the width of CF/PEEK tapes by 62% indicates that the current 
device has the capability to eliminate gaps between neighbouring steered tapes, as 
highlighted in Section 5.1.2, where it was shown that a 41.4% width increase is required 
to fill the maximum gap between neighbouring steered tapes. In addition, the current 
device is capable of spreading tape sufficiently to facilitate the manufacture of doubly-
curved surfaces, such as engine nacelles, where a case study in [20] indicated a maximum 
tape width increase of 37% was required. 
5.3 Experimental Testing 
5.3.1 Manufacturing Test samples 
Spreading is a process that alters the physical properties of CF/PEEK tapes. As such, it is 
essential to investigate whether spreading negatively affects the quality of tapes. Teijin 
CF/PEEK tapes (carbon fibre (Tenax®-E HTS45 24K)/PEEK) were used to manufacture 
test samples. The tapes, supplied by Teijin, used in this study were produced using solvent 
impregnation, whereby dry fibres are passed through a bath of a solution of PEEK and a 
solvent [22]. The fibres are wetted with the solution, and the solvent evaporated during a 
drying process, leaving a carbon fibre/PEEK pre-preg tape. Three different sample groups 
were produced based on percentage increase in width of the tape and then compared to 
as-received tape; these were 15%, 30% and 45% spread tapes as well as a 0% (as-received 
tape) control. For this study the width of CF/PEEK tapes was increased by only varying 
the pressure applied to the tape by the spreading rig, other variables such as temperature, 
pull-through rate and compaction shoe geometry remained constant. The CF/PEEK tape 
was passed through the heated tape spreader and clamped to the pull-through rig. 
Actuation of both compaction shoes was achieved using a pneumatic regulator. The 
CF/PEEK tape was then pulled through the spreader automatically by the pull-through 
rig at a constant rate. For each test group, 2 m of tape was spread and samples were 
extracted at different locations. To achieve the three sample groups, the pneumatic 
regulator was adjusted to change the pressure of the compaction shoe, which resulted in 
different amounts of spreading. A type 3 compaction shoe (Figure 5-7 (c)) was used to 
spread these samples. Three test groups were successfully produced, where examples of 
the change in width are shown in Figure 5-9, along with an as-received sample. The 
processing parameters used are shown in Table  5-1, the number of passes refers to the 
amount of times the tape was passed through the spreading device, with 1/2 meaning it 
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was passed through once with only one compaction shoe engaged. Numbers 1 and 2 refer 
to the tape passing through either once or twice respectively with both compaction shoes 
down. The rate of 1 m/min is slow for commercial LATP processing, however this study’s 
aim is to verify whether the concept of spreading is viable and does not adversely affect 
the quality of the pre-preg tapes. Future work will investigate faster lay-down rates. One 
added variable to consider is the additional heat generated due to friction between the tape 
and the heated surfaces at faster rates. An investigation will be required to determine 
suitable temperatures for a corresponding laydown rate, so that optimum tape spreading 
can be achieved without damaging the tape. Alternative heating methods may also have 
to be considered for tape spreading at higher rates. 
 
Figure 5-9: Four sample groups; 0%, 15%, 30% & 45% showing difference in width. 














15% 2  1/2 370  1  
30% 2.5  1 370 1  
45% 4.0  1 370 1 
62% 4.0 2 370 1 
5.3.2 Characterisation Tests 
Four1characterisation methods assessed whether the spreading process adversely affects 
quality of CF/PEEK tapes.  Methods undertaken include geometrical analysis, optical 
  
128 
   
microscopy, Scanning Electron Microscopy (SEM) and Differential Scanning 
Calorimetry (DSC). 
Geometrical analysis involved measuring the width and thickness of CF/PEEK tapes after 
they were spread; comparison was subsequently made with the as-received tape (0%). 
Ten measurements of width and thickness were taken at intervals of 20 cm along the 2 m 
length of spread tape. A Mitutoyo Series 500 Vernier callipers with a resolution of 0.01 
mm was used to measure the width of the samples. A Mitutoyo Series 293 micrometer 
with a resolution of 0.001 mm was used to measure the thickness of the tapes. Cross-
Sectional Area (CSA) was also calculated to examine if the spreading process affects the 
volume of tapes. 
Samples were extracted from original and spread tapes and were mounted in epoxy, then 
ground and polished. Microscopy, along with image capture, enabled examination of the 
effect spreading has on the quality of the CF/PEEK tapes. Three samples were taken from 
each of the four sample groups (0%, 15%, 30% and 45% spread tapes). Image processing 
software was used to examine whether spreading altered the composition of the tapes. 
Fibre volume fraction and void content were measured for spread samples and compared 
to original tapes.  
A Hitachi SU-70 scanning electron microscope (SEM) was used to examine the samples. 
Three samples were extracted from each of the four sample groups. Samples were covered 
in a gold speckle to prevent PEEK from gathering charge, which reduces the quality of 
images captured. SEM was used to visually determine whether spreading affected the 
alignment of fibres, also to identify any defects caused by spreading such as fibre 
breakage or pull-out.  
Differential scanning calorimetry (DSC) determined whether spreading affects the degree 
of crystallinity of CF/PEEK tapes. The degree of crystallinity of PEEK is a vital 
characteristic as it influences important mechanical properties including yield stress, 
elastic modulus and impact resistance [23]. Two samples were extracted and analysed 
from each of the test groups. Samples of 10 ± 1 mg were placed inside an aluminium 
crucible and placed in the calorimeter. The calorimeter operated with a nitrogen flow of 
40 ml/min. A heating rate and cooling rate of 10 °C/min were used up to a maximum 
temperature of 350 °C.   
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5.4 Results & Discussions 
5.4.1 Geometrical Analysis 
Geometrical measurements are shown in Table  5-2, including values for mean and 
standard deviation. Geometrical analysis gives a clear response of CF/PEEK tapes after 
spreading, as the width increases, there is a proportional decrease in thickness. CSA 
appears to remain constant for all sample groups, except for the 15% spread group, which 
shows a 5 % increase. It is not clear why this difference occurred, but the CSA has not 
changed significantly for the 30% and 45% spread tapes, signifying that no significant 
voids, tears or fibre separation occurred due to the spreading process. A possible 
explanation for the CSA increase in the 15% sample group is due the CF/PEEK being 
produced using solvent impregnation. Tapes produced using solvent impregnation can 
vary in quality, large slits along the length of fibres as well as large internal voids along 
the length of fibres can occur. These slits or voids are caused by poor wetting of the fibres 
in the manufacturing process. The 15% group may have had a large internal void before 
being spread, which would result in an increase in CSA compared to the as-received tapes. 
This explanation is further supported by results from optical microscopy discussed in 
section 5.4.2. 
An increase in standard deviation of the width of the CF/PEEK tapes is shown, indicating 
the tolerance of the tape width increase with spreading. The width tolerance increase 
could be a result of the significant temperature difference between the spreading rig and 
ambient (room) temperature. The spreading rig is not insulated which causes fluctuations 
in the surface temperature of the heated platen, leading to fluctuations in the viscosity of 
PEEK, increasing width tolerance. 
Table  5-2: Results from Geometrical Analysis 
Sample Group Width (mm) Thickness (mm) C.S.A (mm2) 
0% 6.34 ± 0.026 0.166 ± 0.006 1.05 ± 0.042 
15% 7.24 ± 0.059 0.153 ± 0.002 1.11 ± 0.008 
30% 8.31 ± 0.046 0.123 ± 0.003 1.02 ± 0.026 
45% 9.32 ± 0.082 0.111 ± 0.004 1.04 ± 0.039 
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5.4.2 Optical Microscopy 
Optical micrographs are shown in Figure 5-10, comparing as-received (0%) tape to spread 
tape with 15%, 30% and 45% increase in width. The quality of the tapes does not appear 
to be greatly affected. There are no obvious visual defects such as tears or splitting of the 
tapes. Conversely, when the fibre dispersion is analysed, the spread tapes appear to have 
an improved fibre dispersion consistency. There appear to be less resin rich areas and 
fibre dominated areas in the spread groups when compared to the as-received group. 
 
Figure 5-10: Optical microscopy images comparing spread tapes. 
Surface smoothness is similar for all micrographs except for the 45% sample, which 
appears to have increased amounts of undulations. However, this effect could be due to a 
local defect in the tape before it was spread. These undulations may be eliminated when 
the spread tapes are processed using the LATP head, as it would then be heated above its 
melt temperature and compacted into place. 
Micrographs were also analysed using image processing software to investigate whether 
fibre or void content changed by spreading with results shown in Table  5-3. Fibre content 
experiences an increase for the spread sample groups, where it is most for the 15% and 
30% groups while the 45% samples experience a smaller increase. This increase in fibre 
content, occurs due to improved fibre dispersion as there are smaller (less) resin pockets 
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in the spread tapes in comparison to original tapes. It is worth remarking that this increase 
in fibre content is a localised effect and not reflective of the fibre content of the whole 
tape, as the micrographs only focus on a section of the CF/PEEK tapes and not the whole 
tape.   
Table  5-3: Results from image processing of optical micrographs. 
Sample Group Fiber Content (%) Void Content (%) 
0 % 59.6 ± 2.0 3.4 ± 0.72 
15 % 63.1 ± 4.3 3.7 ± 0.93 
30 % 62.2 ± 3.3 2.8 ± 1.25 
45 % 61.7 ± 2.3 1.4 ± 0.60 
When void content values were analysed, a decrease was observed for the 30% and 45% 
sample groups. This decrease may have been caused by voids been compressed during 
the spreading process so reducing their size and therefore overall void content, noting a 
similar mechanism of void reduction has been reported previously [24,25]. The 15% 
sample group has a marginally larger void content, possibly due to a large internal void 
along the length of the fibres, an example of which is shown in Figure 5-10. This defect 
may not actually arise as a result of the spreading process. The large void may have been 
caused by the solvent impregnation process used to manufacture the CF/PEEK pre-preg 
tapes, as discussed in section 5.1. 
5.4.3 Scanning Electron Microscopy (SEM) 
Results from SEM were inconclusive. Images obtained from SEM are shown in Figure 
5-11 & Figure 5-12. From analysing the SEM images, it is evident that all sample groups 
(including 0%) vary in quality. Good quality areas of each sample groups are shown in 
Figure 5-11, which show no signs of loose fibres or large voids and appear to have an 
appropriate quantity of resin on the upper surfaces, which is necessary to achieve a good 
bond with subsequent layers. Figure 5-12 highlights examples of areas from the four 
sample groups with defects evident. These examples of fibre pull-out and fibre breakage 
would be expected to reduce the performance of the CF/PEEK tapes. Both sides of the 
pre-preg tapes were analysed, as one side would have been in contact with the heated 
platen and the other in contact with the compaction shoes. Visually, no difference was 
observed between either side.  
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Figure 5-11: SEM images obtained (a): 0 %, (b) 15 %, (c) 30 %, (d) 45 %. 
 
Figure 5-12: Defects observed in CF/PEEK Tapes (a): 0%, (b) 15%, (c) 30%, (d) 
45%. 
From analysing SEM images, it is not clear whether the spreading process adversely 
affects the quality of CF/PEEK tapes. Defects were observed in spread tapes but were 
also observed in as-received tapes. It is not possible to say whether the spreading process 
caused these defects or whether they were already present on the tapes before spreading 
occurred. Further testing would be required to examine if spreading created the damage 
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to fibres. A comparison of tensile properties, at a laminate level, of spread and as-received 
tapes would reveal if the spreading process reduces strength and stiffness of the CF/PEEK 
Tapes, which can form the basis of future work. 
5.4.4 Differential Scanning Calorimetry (DSC) 
It is clear from the results that the spreading process increases the degree of crystallinity. 
Curves from DSC characterisation are shown in Figure 5-13; enthalpy of cold 
crystallisation and degree of crystallinity are presented. The spreading process provides 
a heat treatment that essentially anneals PEEK, resulting in a change of crystallinity. 
There is a relationship between width and crystallinity, a larger increase in width results 
in a larger increase in crystallinity. There are two potential reasons for this relationship. 
The first may be due to the width of the CF/PEEK tapes been varied by varying pressure 
of the spreading rig. Previous studies show that an increase in pressure during melting of 
PEEK increases crystallinity [26,27]. The increased pressure of spreading assists with 
alignment and packing of polymer chains of PEEK, resulting in an increased crystalline 
structure. The second reason is that, as the width increases, the thickness decreases since 
the tape is only heated from one side. As the tape becomes thinner, it achieves a uniform 
heat distribution through the thickness. This uniform heat distribution results in the entire 
tape width receiving the annealing treatment from the spreading device, causing an 
increase in the degree of crystallinity. The increase in crystallinity is beneficial as it may 
potentially improve mechanical properties such as modulus and yield strength [26,27]. 
The quality of the crystal structure has not yet been analysed to examine if they are 
composed of large or small spherulites. Future work will investigate the crystal quality 
achieved by heat treatment during the spreading process.  
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Figure 5-13: Results of Crystallinity obtained from DSC. 
In summary, results from the four characterisation methods show there is strong evidence 
that the spreading process does not adversely affect the mechanical properties of 
CF/PEEK tape. Geometrical tolerances are only marginally affected, while fibre volume 
fraction, void content and fibre dispersion remain similar to as-received tape. Defects on 
the top and bottom surfaces do not appear to occur with higher frequency or severity. 
Finally, crystallinity levels increase as a result of spreading and further work will 
investigate quality levels. Future work will investigate whether spreading adversely 
affects mechanical properties at a laminate level. Laminates will be manufactured using 
spread tape, and coupons extracted. Tests including tensile, flexure, combined loading 
compression, interlaminar shear and in-plane shear will be completed. Results from these 
tests will then be compared with laminates manufactured from original tape to see the 
effect of spread tapes at a laminate level. 
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5.5 Conclusion 
An innovative device has been developed to enable the width of CF/PEEK pre-preg tape 
to be varied (spread) as part of an in-line process within an LATP head. Initial trials show 
that controlled spreading of CF/PEEK pre-preg tapes is possible. The current spreading 
device, which is under further development, is capable of increasing the width of a 
CF/PEEK tape by 62%.  The ability to vary the width would be advantageous in 
manufacturing steered laminates without gaps and to manufacture doubly-curved surfaces 
without fibre cuts or gaps. Elimination of gaps and fibre cuts in such components has the 
potential to increase their structural efficiency. Preliminary characterisation tests show 
that the spreading process does not detrimentally affect the properties of CF/PEEK pre-
preg tapes. Properties such as cross-sectional area, fibre volume fraction and void content 
remain similar to as-received tape. Furthermore, differential scanning calorimetry shows 
that crystallinity increases due to spreading, which is beneficial as it may potentially 
improve mechanical properties such as elastic modulus and strength. Future work will 
focus on completing mechanical characterisation to examine whether spreading affects 
the structural performance of CF/PEEK at a laminate level, which will include tensile, 
flexure, combined loading compression, interlaminar shear and in-plane shear. Once 
shown that spreading does not adversely affect the quality of pre-preg tapes or the 
mechanical properties of laminates manufactured from spread tapes, work will focus on 
implementing the device onto an LATP processing head. Matters such as programming 
the spreading device to compact and spread tapes to comply with gaps in VAT laminates 
will be investigated. Also, work will be completed to optimise the laydown rate to achieve 
efficient manufacturing throughput without compromising structural performance.  
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Summary Statemnt  
Research in this chapter introduced and tested the concept of spreading CF/PEEK 
tapes. Testing showed that it is possible to vary and control the width of pre-preg 
tapes without causing noticeable damage. To advance the concept of spreading 
further, it is important to investigate whether spreading adversly affects 
mechanical properties at laminate level. Chapter 6 addresses this objective by 





   
Chapter 6: Mechanical Characterisation of Spread 
Carbon Fibre/PEEK Pre-preg laminates 
6.1 Introduction 
The previous chapter focused on the design, manufacture and testing of a novel spreading 
rig. Trials were completed on individual CF/PEEK pre-preg tapes to investigate the 
maximum amount of spreading possible under different processing parameters. 
Furthermore, characterisation was completed on single tapes to examine whether the 
spreading process had a negative effect on the quality of the pre-preg tapes. Geometrical 
analysis, fibre volume analysis, scanning electron microscopy and digital scanning 
calorimetry were completed and it was concluded that spreading had no negative effect 
on tape quality. The work in this current chapter aims to advance the concept of spreading 
further by manufacturing and testing samples from spread tapes to investigate whether 
spreading has a negative effect on CF/PEEK tapes at a laminate level. Numerous previous 
studies [1-4] focused on the effect of manufacturing thinner laminates. These studies all 
reported similar outcomes. Having thinner plies results in improved shear strength and 
fatigue properties due to less stress being transferred to the free edge of individual layers. 
Spreading does result in tapes with thinner plies but the purpose of this study is not to 
examine the effect of thinner plies but to examine whether the spreading process 
negatively affects mechanical properties such as tensile, compression, flexure and shear 
strength at the laminate level.  
To recap, LATP has limitations when manufacturing complex components such as VAT 
laminates and doubly curved surfaces, e.g. domes. VAT laminates are prone to gaps and 
overlaps due to the mismatch in the steering radius between the inner and outer edge of a 
VAT tape path. Gap and overlap defects reduce the efficiency of composite structures as 
they reduce strength and add unnecessary weight [5]. Fibre waviness induced by 
thickness variations at the location of a gap or overlap is the primary cause of strength 
reduction [6]. Two methods have previously been developed which have the ability to 
reduce or eliminate the effect of gaps and overlaps;  Tailored Fibre Placement (TFP) [7, 
8] and Continuous Tow Shearing (CTS) [9].  
TFP utilises dry fibres to produce VAT laminates. Dry fibres are not confined by a matrix 
therefore are easier to manoeuvre through tight steering radii without creating defects 
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such as fibre wrinkling, buckling and pull-up. Once a dry fibre laminate is processed it is 
then infused with resin. TFP does introduce a mismatch between the inner and outer 
steering radius, creating gaps and overlaps. However, it can be ameliorated by the 
rearrangement of fibres within the dry tow [10], which reduces the effect of gaps and 
overlaps. Kim et al. [9] designed a method called Continuous Tow Shearing (CTS), which 
utilised shear deformation instead of bending deformation of the pre-preg tapes to 
produce VAT laminates. This technique allows much tighter radii of curvature but tow 
gaps and overlaps are also avoided by tessellating tows on the substrate [11]. A steered 
section was manufactured which highlighted that CTS can eliminate gaps and overlaps in 
VAT components (Figure 6-1). More information regarding TFP and CTS can be found 
in the State-of-the-Art, Chapter 2.10 
 
Figure 6-1: (a) Steered laminate produced using CTS with no gaps or overlaps, (b) 
Laminate with gaps between steered tows. [9] 
Both TFP and CTS manufacturing methods highlight that it is possible to reduce process 
induced defects created when manufacturing VAT laminates. However, both methods 
require a secondary processing step. TFP requires resin infusion while CTS requires 
autoclave processing. Secondary processing steps greatly increase processing time and 
cost. Furthermore, resin infusion and autoclave processing require numerous 
consumables (e.g., vacuum bag, tacky tape, peel ply and release film). A potential solution 
to this problem is to use LATP, which can in-situ consolidate thermoplastic pre-preg tapes. 
As shown in Chapter 3 it is possible to steer 6 mm wide carbon fibre/PEEK pre-preg tapes 
to a radius of 400 mm with few defects and high bond strength. Furthermore, as shown 
in Chapter 5, gaps and overlaps can be eliminated by varying the width or spreading 
carbon fibre/PEEK (CF/PEEK) tapes before they are consolidated. The width of the tape 
would be varied to comply with the required gap between adjacent tapes. The process 
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operates by attaching a tape spreader (Figure 2 (a)) to an LATP head (Figure 6-2 (b)) to 
vary the width of CF/PEEK tapes before it is consolidated by the compaction roller. 
 
Figure 6-2: (a) Spreading rig, (b) Spreading rig installed on LATP head. 
Chapter 5 gives detailed information on the spreading process and particular applications 
in which it could be beneficial. Successful trials were completed in this study which show 
that it is possible to achieve an increase of 62% in tape width after spreading. Preliminary 
characterisation tests show that the spreading process does not negatively affect the 
properties of CF/PEEK pre-preg tapes. Properties such as cross-sectional area, fibre 
volume fraction and void content remain similar to original as-received tape. This study 
investigates the effect that tape spreading has on mechanical properties at laminate level, 
specifically determining if spreading damages fibres, lowers bond strength or reduces 
flexural performance. Test specimens were extracted from laminates for the following 
characterisation tests; tensile, 3-point flexure, combined loading compression (CLC), and 
interlaminar shear strength (ILSS). These test methods were chosen as they will give an 
overall assessment of the performance of laminates produced using spread tapes. These 
test methods will analyse if there is any fibre damage or damage inflicted on the outer 
surfaces of tapes which will reduce bond strength. Furthermore, previous studies [12, 13] 
used similar tests to investigate the quality of composite laminates manufactured using 
LATP with different processing parameters. 
6.2 Experimental 
6.2.1 Materials 
The thermoplastic composite material evaluated in this study is a carbon fibre (Tenax -E 
IMS65 24K)/PEEK pre-preg tape supplied by Teijin. The tape was originally produced 
  
143 
   
with a width of 300 mm from Teijin, but tapes were then slit down to 6.35 mm. The pre-
preg tapes were manufactured using a solvent impregnation process. 
6.2.2 Manufacturing of Spread tapes 
The concept of spreading is at an early technology readiness level, therefore spreading 
trials were completed without the spreading rig attached to an LATP head. As-received 
tape needs to be spread before laminates are manufactured with spread tape. The 
spreading process was carried out using a lab set-up as shown in Figure 6-3. The 
CF/PEEK tape is connected to the pull-through rig, which draws the tape through the tape 
spreader. The temperature of the platen in the tape spreader is set above the melt 
temperature of PEEK, ensuring that the viscosity/stiffness of the PEEK decreases when 
in contact with the plate. At the same time, the compaction shoes apply pressure to the 
softened tape which causes an increase in tape width. Once the desired length of tape is 
spread then the pull-through rig is stopped. 
 
Figure 6-3: Spreading Rig Laboratory set-up. 
Chapter 5 investigated spread tapes with different percentages of width increase. Four 
groups of spread tape were investigated; 0% (as-received tape), 15%, 30% and 45% 
increase in width. Four different groups were investigated to examine the influence of 
spreading on the physical properties of the CF/PEEK pre-preg tapes. In this study, spread 
tape with a 30% width increase was compared to as-received tape to examine the effect 
that spreading has on the mechanical properties at laminate level. A 30% increase was 
chosen as it represents an aspirational amount of spreading required to fill many gaps in 
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VAT and complex curvature laminates. If achieved, with quality and speed, this amount 
of spreading could represent game-changing manufacturing technology. 
6.2.3 Manufacturing of Test Coupons 
 Laminates were manufactured using a LATP head (AFPT, GmbH) attached to a robot 
arm (Kuka, KR240 L210-2), as shown in Figure 6-4 (a). Two laminates were 
manufactured, one from original, as-received tapes and the other from spread tapes. To 
best replicate the manufacturing process of a full component, the laminates were produced 
by winding the pre-preg tapes onto a square tool, which was secured in rotating clamps 
(Figure 6-4 (b)).  
Four different test specimen groups were manufactured: tensile; flexure; CLC and ILSS. 
All were manufactured with unidirectional fibre direction (0°). Tensile specimens were 
manufactured with a target thickness of 1 mm. Flexure and CLC specimens were 
manufacture with a target thickness of 2 mm. Finally, ILSS specimens were manufactured 
with a target thickness of 3 mm. To reduce material waste, all specimens were 
manufactured in the same process, thickness was varied by laying down different number 
of plies in specific locations. Once samples were manufactured they were extracted using 
a composite cutter equipped with a diamond blade. 
 
Figure 6-4: (a) LATP processing head attached to Kuka Robot, (b) samples 
manufactured on square winding tool.  
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6.2.4 Mechanical Characterisation 
Mechanical characterisation tests were completed according to the relevant test standards, 
viz. tensile: ASTM D3039 [14], ILSS: ASTM D790 [15], Flexure: ASTM D7264 [16], 
and CLC: ASTM D6641 [17]. Tensile tests (Figure 6-5 (a)) were chosen to examine 
whether spreading damages carbon fibres within the pre-preg tape. A decrease in tensile 
strength or modulus compared to as-received tape, indicates that spreading could damages 
fibres, thereby weakening laminates. The nominal dimensions for the tensile specimens 
were 225 mm x 15 mm x 1 mm with a [0°] lay-up. Aluminium tabs to aid grip were 
adhered to the specimens. Samples were tested using a hydraulic controlled straining 
frame. Strain gauges were attached to the specimens to measure strain. Tests were carried 
out at an actuator displacement rate of 1 mm/min. 
Flexure tests (Figure 6-5 (b)) were chosen as the samples are loaded in both tension and 
compression. It is important to investigate how spreading affects the failure mechanism 
of the sample compared to as-received tapes. Flexural stiffness was measured to see if 
fibre damage or misalignment occurred during spreading. The nominal dimensions for 
the flexure specimens were 100 mm x 10 mm x 2 mm with a [0°] lay-up and the support 
span was 80 mm. Tests were carried out at an actuator displacement rate of 5 mm/min.  
ILSS tests (Figure 6-5 (c)) were chosen to investigate whether spreading affects the 
strength of the bond between layers. There may be a possibility that spreading removes 
excess resin at the top and bottom surfaces of the pre-preg tapes that is necessary to 
achieve a strong bond between plies. The nominal dimensions for the ILSS specimens 
were 20 mm x 10 mm x 3 mm with a [0°] lay-up. The support span was 10 mm, the 
support bearing radii were 3 mm and the load bearing had a radius of 5 mm. Tests were 
carried out at an actuator displacement rate of 1 mm/min. The peak load and failure mode 
were recorded for each test and the apparent ILSS was calculated. 
CLC testing (Figure 6-5 (d)) examines whether spreading affects the compression 
properties of laminates. Samples are mounted in a test fixture which applies a downward 
force using a combination of compression on the end of the specimen and shear along the 
specimen grip lengths. The nominal dimensions for CLC specimens is 140 mm x 15 mm 




   
 
 
Figure 6-5: Characterisation set –up: (a) Tensile, (b) Flexure, (c) ILSS, (d) CLC 
Digital Scanning Calorimetry (DSC) was used to examine the degree of crystallinity of 
pre-preg tapes. As the pre-preg tapes are passed through two separate heat treatments, the 
first being the spreading rig and the second the laser of the LATP machine, it is important 
to determine changes in crystallinity. Previous crystallinity measurements were 
undertaken on tapes after they were spread. They showed that spreading resulted in an 
increased degree of crystallinity. As received tapes were measured to have a degree of 
crystallinity of 21%, while 15% increase in tape width registered a degree of crystallinity 
of 26.3%, while 45% increase in width had a degree of crystalinity of 29.4%.  This study 
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examines the crystallinity at laminate level, after tapes were passed through both heat 
treatments. 
6.3 Results & Discussions 
6.3.1  Strength Results 
For each of the four characterisation tests a strength result was calculated for both spread 
and as-received samples. Results are shown in Figure 6-6. For each characterisation 
method, four specimens each of the as-received tape and spread tape laminates were 
tested. Table 6-1 gives details of number of sample tested, sample dimensions and lay-up 
Table  6-1:  Details of No. of samples tested,lay-up and sample thickness 
 No. of 
Samples 
Lay - up Thickness (mm) 
As-received Spread As-received Spread 
Tensile 4 [0]5 [0]6 0.93 ± (0.026) 0.90 ± (0.029) 
Compression 4 [0]10 [0]12 1.99 ± (0.029) 1.77 ± (0.016) 
Flexure 4 [0]10 [0]12 1.91 ± (0.01) 1.77 ± (0.03) 
ILSS 4 [0]15 [0]18 2.73 ± (0.05) 2.58 ± (0.034) 
 






   
The results in Figure 6 show a consistent reduction in strength for the spread samples. A 
such, it is clear that there is a quality issue with the laminates produced from the spread 
tape as it is currently produced. Tensile and compression strength of spread tape 
specimens experience a small decrease when compared to as-received tape specimens. 
However, flexure and ILSS experienced a decrease of 32% and 43% respectively. Not 
only was there a large drop in strength of spread tape specimens, the failure mode of both 
flexure and ILSS differed for the spread tape specimens. For as-received flexure 
specimens, the failure mode was valid for compression with buckling of fibres on the top 
surface at the mid-span (Figure 6-7 (a)). However, for spread flexure specimens the 
failure mode was not valid, as all specimens failed in shear. It can be seen at the ends of 
the specimens (Figure 6-7 (b)) that individual lamina had sheared, resulting in the 
specimens losing their load carrying capability.  
A similar occurrence was observed with the ILSS specimens. As-received specimens 
experienced plastic deformation, which is not a valid failure mode for ILSS testing. 
Plastic deformation is characteristic of thermoplastic ILSS specimens as their molecular 
structure is not as heavily cross-linked and therefore brittle as thermosetting, epoxy 
specimens. The use of thicker specimens can provide a solution to overcome this problem. 
The ASTM standard recommends a nominal thickness of 2 mm, so for this study 3 mm 
was chosen as a target thickness. However, this was still not adequate enough to prevent 
plastic deformation. The strength results presented for the as-received tapes were obtained  
from another study [18] carried out at the University of Limerick, which completed ILSS 
tests on as-received tapes using the same LATP machine with comparable processing 
parameters. For spread ILSS specimens, a shear failure mode was observed and no plastic 
deformation was observed. This indicates that the bond strength is considerably lower for 
spread samples compared to as-received specimens.  
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Figure 6-7: (a) Flexure failure mode, (b) Shear failure mode 
6.3.2 Stiffness results.  
The effect of spreading on stiffness was also analysed, results are displayed inFigure 6-8. 
For tensile and compressive stiffness there is a small decrease, this may be due to some 
fibre wrinkling caused by the spreading process. For flexural stiffness there is a larger 
decrease, this too could be caused by fibre wrinkling but is further pronounced in flexure 
due to the outer most layers experiencing the highest stress. 
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Figure 6-8: Stiffness Results 
6.3.3 Optical Microscopy 
Optical microscopy was completed to gain better insight as to why spread samples 
resulted in lower values for strength and stiffness. Microscopy was completed on cross-
sections of test samples and also on sections of individual tapes that were not processed 
by LATP. Examples of optical micrographs are shown in Figure 6-9, Figure 6-10 and 
Figure 6-11. Little difference was observed between as-received tapes and spread tapes 
at laminate level (Figure 6-9). This is likely due to tapes being re-heated and compacted 
by the consolidation roller, which could potentially suppress damage, making it difficult 




   
 
Figure 6-9: Cross sectional view of laminates (a): As-received (b): Spread 
However, micrographs of individual tapes which were not processed by LATP show signs 
of damage caused by the spreading process. Figure 6-10 shows the cross-section of two 
spread tapes, highlighting how the tape surfaces appear to be undulating, while in some 
areas individual fibres have separated away from the tape. Fibre damage is more prevalent 
in Figure 6-11, which shows the outer tape surface. Compared to as-received tapes, the 
spread tapes have considerable fibre damage, which was observed on both sides of each 
tape. The micrographs shown are representative of fibre damage that appeared to be 
present in all tapes analysed. The thin layer of damaged fibres appears on both sides of 
the spread tapes examined, indicating that a six ply (1 mm thick) laminate could contain 
12 layers of damaged fibres. This fibre damage is the most likely cause of the tensile 
strength reduction observed. In addition, this is likely to be a significant contributing 
factor for poor bonding observed in flexure and ILSS tests. Pre-preg tapes need a resin 
rich film on the outer surfaces of tapes to achieve good bonding, fibres protruding from 
the resin rich area would reduce the bonding strength.   
The cause of this damage is most likely the mechanism by which spreading occurs. The 
spreading rig utilises a flat platen and two compaction shoes. Through friction, shear 
stress is induced on the outer layers. The shear stresses reach a level that causes damage 
fibres. While initially rollers were used to spread tapes, there was also an issue with this 
mechanism. Stray fibres could stick to and wrap around the roller during spreading, so 
obstructing the rollers from rotating, causing the spreading process to be halted.  
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Figure 6-10: Cross sectional view of Spread tapes 
 
Figure 6-11: Comparison of outer surfaces of spread tape (a & b) and as-received 










   
6.3.4  Surface Roughness Testing 
To assist in quantifying the severity of fibre damage, surface roughness tests were 
completed. High surface roughness would be an indication of fibre damage on the outer 
surfaces of the spread tapes. Five samples of both as-received and spread tapes were 
analysed, with measurements taken on both sides of the tape. Measurements were taken 
using a Mitutoyo Surftest SJ-210 Surface Roughness. Tester Results are presented in 
Table  6-2. 
Table  6-2: Surface Roughness measurement results. 
Sample Average Roughness (Ra) Maximum Peak (Rz) 
As –Received Tapes 2.04 ± 0.78 µm 14.5 ± 6.7 µm 
Spread Tapes  3.51 ± 2.12 µm 21.1 ± 12.7 µm 
Results show that spread tapes have a higher average surface roughness. Standard 
deviation of spread tapes shows that there is greater variability. Two of the five spread 
tapes measured appeared comparable to as-received tapes, while the remaining three were 
considerably rougher. On average, spread tapes had a 72% increase in surface roughness. 
The maximum peak is greater on spread tapes, which indicates areas of inconsistencies; 
this may be indicative of fibre pull out. Surface roughness measurements show the outer 
surfaces of spread tapes have been considerably altered by the spreading process, which 
may be the main contributor to the lower bond strength in laminates manufactured with 
spread tapes. 
6.3.5 Digital Scanning Calorimetry 
DSC was completed on three samples manufactured from spread tapes. Material was 
extracted from the side of the tapes/laminates to ensure material was selected through the 
thickness. Results are shown in Table  6-3. Three values for degree of crystallinity for 
different sample types are shown. The first is for a piece of as-received tape that received 
no heat treatment. The second value is from a sample of spread tape.  The final sample is 
from a laminate manufactured by LATP from spread tape. Results from the first two 
samples types are from a previous study by the authors, while results from the final 
sample type were obtained from the current study. 
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Table  6-3: Degree of Crystallinity Results 
Sample  Type Nominal Weight Degree of Crystallinity 
As – Received Tape 10 µg 21.98% 
After spreading 10 µg 28.09% 
Spreading & ATP  10 µg 28.08% 
As previously mentioned in Chapter 4 the spreading process increased the degree of 
crystallinity of CF/PEEK tapes. This increase is caused by the heat treatment of the 
spreading rig. The spreading rig melts the PEEK which allows movement of the 
molecular chains, as the PEEK cools, molecular chains align and pack together creating 
spheroidal structures and create an increased crystalline matrix. DSC completed as part 
of this study was used to examine the effect of the additional heat treatment of the LATP 
process on the degree of crystallinity. As Table  6-3 shows, there is negligible change 
between tape with one heat treatment (spreading rig) and two heat treatments (spreading 
rig and ATP laser). The most likely reason for the lack of change in crystallinity is that 
both heat treatments have similar cooling rates, more than 300 °C/min. Gao & Kim [19] 
show that there is little difference in crystallinity when cooling rate is decreased from 
600 °C/min to 160 °C/min. Therefore, little difference in the degree of crystallinity of 
was expected as both heat treatments have similar cooling rates.  
6.4 Conclusions 
Mechanical characterisation tests (Tensile, Compression, Flexure & ILSS) were 
completed on specimens manufactured using LATP from 30% increased width spread 
carbon fibre/PEEK pre-preg tapes. Similar baseline laminates were also manufactured by 
LATP using as-received tapes. Results highlighted that there are issues with fibre damage 
in the spread tapes, which slightly reduces tensile and compression properties. However, 
the presence of damaged fibres within the interface region appear to greatly reduce 
interlaminar bond strength. Tensile and compression values (strength and stiffness) saw 
minor decreases due to this fibre damage. However, flexure and ILSS strength values saw 
significant decreases, 32% and 43% respectively. The reduction was attributed to 
damaged fibres protruding from the resin-rich layer on the outer surfaces of spread tapes. 
Analysing failure modes provided more insight, as-received flexure specimens 
experienced valid flexure failure, but spread flexure samples experienced failure in shear 
as the bond strength was considerably lower. A similar effect was witnessed in ILSS tests. 
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Even though results were slightly disappointing, this research completed one of the main 
aims of this thesis, which was to manufacture laminates with spread tapes. The study 
showed that it is possible to spread long continuous lengths of CF/PEEK pre-preg tapes 
required to manufacture laminates. The future work section of this thesis focuses on 
providing possible solutions to overcome this problem. Design changes will need to be 
made to the spreading rig to prevent excessive shear stresses from being induced on the 
outer surfaces of the tape. A potential solution is to investigate further the use of rollers 
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Chapter 7:  Conclusions & Future Work 
7.1 Conclusions 
This thesis presents the results of a study of laser-assisted automatic tape placement 
(LATP) in-situ consolidation as a processing technology for the manufacture of CF/PEEK 
VAT laminates. The effect of LATP processing parameters on the mechanical 
performance of CF/PEEK VAT laminates was the initial focus of the study. Furthermore, 
a large scale demonstrator was manufactured and tested to determine if thermoplastic 
composite VAT lay-up is beneficial at component level. Finally, research focused on the 
development of thermoplastic composite tape spreading technology for potential use in-
situ on an LATP head, allowing the reduction of gaps and overlaps during processing of 
VAT and complex curvature structures. 
Previous research in this area was reviewed in Chapter 2, a significant number of studies 
on VAT laminates has been previously carried out. However, the majority of studies 
completed theoretical analysis, while few actually manufactured, tested and analysed real 
VAT laminates. In addition, all VAT laminates were processed from thermoset composite 
material systems. Thermoset composite systems require two processing steps, i.e. step 
one involves the placement of the fibres/pre-preg tapes, while a second step is required 
to cure the laminate, usually by an autoclave or liquid resin infusion process. Two-step 
processes are inefficient in terms of time, energy and consumables. Alternatively, 
thermoplastic composites processed by LATP can be consolidated in-situ, eradicating the 
need for a second processing step. 
Chapter 3 investigated the processing of VAT laminates using thermoplastic pre-preg 
tapes by LATP. An initial manual lay-up proof of concept was completed before 
completing trials using a LATP processing head actuated by a Kuka robot arm. A main 
objective of the study was to analyse the effect that steering has on the interlaminar bond 
between LATP processed thermoplastic pre-preg tapes. It was shown that it is possible to 
steer a 6 mm wide CF/PEEK pre-preg tape to a radius of 400 mm without defects. Bond 
strength was measured, using a novel test method, and deemed sufficient when compared 
to measurements of straight fibre samples completed in previous studies. Steering radii 
below 400 mm resulted in paths with increased defects and decreased bond strength. 
Steering radius also affected geometrical tolerances. As the steering radius decreases, the 
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tape width also decreased and tape thickness increased. This knowledge is important to 
manufacturers as laminate thickness may be affected. Also, gaps and overlaps between 
neighbouring steered tows may be larger or smaller than expected. 
In addition, lay-down rate was found to have an influence on defect formation and bond 
strength for the steered tapes. At higher speeds of 10 m/min, more defects were observed 
(fibre buckling, tow pull-up) and bond strength was poor. This was attributed to the 
relatively short time that compaction roller applied pressure over the CF/PEEK tape 
during consolidation. While at a slow lay down speed (1.5 m/min) bond strength 
decreased due to excessive heat being applied to the tape. As the consolidation roller 
passed over the processing zone, the PEEK remained molten for a longer period of time 
allowing the possibility of tape ‘rebound’. ‘Rebound’ can take the form of relaxation of 
the bond interface or re-expansion of voids, either in the tape or at the bond interface. The 
study also indicated that some CF/PEEK pre-preg materials are better suited for VAT 
laminates manufacture. Material supplied by Suprem appeared to have a resin rich tape 
outer surface that increased the bond strength between layers, while material supplied by 
Toho Tenax (Teijin) did not have this resin rich area. 
These findings are important to industry as they show that in-situ consolidation of fibre 
steered laminates is possible, eliminating the need for secondary processing steps, 
reducing processing time and cost. This process is not only confined to VAT laminates, 
steered tapes can also benefit the manufacture of doubly curved structures such as domes. 
Furthermore, it gives manufacturers necessary knowledge to assist with selecting 
appropriate processing parameters. Finally, it gives manufacturers of pre-preg tapes 
knowledge on how to modify products to improve the performance of CF/PEEK tapes for 
use in with LATP processing systems. 
Chapter 4 advances the concept of producing VAT laminates further by designing, 
manufacturing and testing a variable angle tow wingbox. The wingbox was manufactured 
with steered skin sections between omega stiffeners. The purpose of the VAT location 
was to direct loads away from unsupported sections to the omega stiffened sections. Finite 
element models were implemented that compared a conventional composite wingbox to 
a VAT wingbox, a 14% increase in buckling load was predicted for the VAT wingbox. A 
VAT wingbox was manufactured to validate the finite element modelling. The wingbox 
was tested in bending and shear. Using representative loads of an aircraft in cruise flight, 
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tests indicated that buckling occurred at 27.1 kN which had good agreement with the 
finite element model prediction of 26.7 kN. The wingbox exhibited a similar response 
during unloading to the response during loading indicating that no significant damage 
occurred during the test. Further testing was completed which introduced torsion into the 
loading. 
The results from this study showed that in-situ consolidation of a CF/PEEK is a valid 
process for manufacturing a large representative VAT structure. Using a relatively tight 
steering radius, in comparison to other studies, no fibre buckling, wrinkling or pull-up 
was observed. No autoclave was required for manufacture of stiffeners or skin. Also, no 
adhesive or fasteners were required to bond the stiffeners to the skin, further saving time 
in manufacturing. Most importantly, it was shown that thermoplastic VAT lay-up 
enhances the performance of the wingbox without adding weight.  
A common issue with VAT laminates and doubly curved surfaces is the presence of gaps 
and overlaps, caused by a mismatch of the steering radii of the inner and outer edges of a 
pre-preg tape. Gaps and overlaps reduce the structural efficiency of laminates by inducing 
fibre waviness. Chapter 5 presents the design of a spreading rig which has the ability to 
vary the width of pre-preg tape as it is laid into position, meaning that it is possible to 
eliminate gaps and overlaps. The main conclusion observed is that it is possible to 
dynamically increase the width of carbon fibre/PEEK tapes up to 62%. A case study 
shows that this increase is sufficient to eliminate gaps between neighboring tows on a 
VAT lay-up, as the maximum gap created never exceeds 41.4% of tape width.  An 
examination was completed to investigate whether the spreading negatively affect the 
CF/PEEK tapes. Properties examined were geometrical tolerances, fibre dispersion, fibre 
damage & degree of crystallinity. Testing showed no negative effects. Fibre dispersion 
improved, as fibres were compressed into resin rich areas. In the case of crystallinity, an 
increase was observed, a positive outcome as increased crystallinity can improve matrix 
strength. 
To advance the concept of spreading further, laminates were manufactured using spread 
tape. The purpose of this study (Chapter 6) was to investigate the effect that spreading 
has on the mechanical properties at laminate level. Tensile, compression, flexure and 
interlaminar shear strength tests were completed on samples to investigate whether 
spreading lowers the performance of these properties. Spread tapes with a width increase 
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of 30 % were compared to as-received tapes. Tensile and compression strength saw minor 
decreases, in the range of 5-7%. However, flexure strength and ILSS experienced large 
decreases, 34% & 43% respectively. It is deemed that the reason for the small decrease 
of in plane properties and large decrease in flexure and ILSS properties is due to damaged 
fibres in the interface region. It appears the spreading process damaged fibres on the outer 
surfaces of the pre-preg tapes. These damaged fibres were present in the interphase region 
and would have reduced the bond strength between plies. Albeit, results highlighted an 
issue with the spreading process, research showed that is possible to manufacture 
laminates with spread tapes. This work highlights that an improvement to the spreading 
rig is required, which will be the main focus of future work.  
The reduction of carbon emissions to combat global warming is a major societal challenge. 
VAT composites produced from thermoplastic resins can contribute to this challenge in 
two ways. The first is by reducing the carbon foot print of the manufacturing process by 
eliminating high energy consuming autoclaves and the consumables associate with this 
process. The second is by improving the efficiency of aircraft structures by using VAT 
laminates in fuselage and wing skins, allowing higher buckling loads to be achieved with 
lower weight structures. The research in this thesis shows it is possible to produce VAT 
components by in-situ consolidation of CF/PEEK pre-preg tapes, which have sufficient 
bond strength and are effective in increasing the buckling load of a full scale wingbox. 
Furthermore, one of the major disadvantages of VAT, gaps and overlaps, is addressed. A 
potential method for eliminating such defects is presented. Future work could apply this 
technology to eliminate gaps and overlaps in VAT laminates further boosting efficiency 
and assisting in lowering the carbon foot print of the aviation sector. 
7.2 Original Contributions 
The following are the original contributions to the knowledge base regarding the 
manufacture of variable angle tow laminates with CF/thermoplastic pre-preg tapes, 
including original contributions relating to spreading of  CF/thermoplastic pre-preg tapes. 
 Completed first in-depth study related to in-situ consolidation of steered carbon 
fibre/thermoplastic pre-preg tapes.  
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 Presented detailed analysis of the effect of steering 6 mm wide carbon fibre/PEEK 
pre-preg tapes at different steering radii (200 mm, 400 mm, 600 mm, 800 mm) 
and at different lay-down rates (1.5 m/min, 3.0 m/min, 6.0 m/min 10 m/min)  
 Designed and manufactured novel wedge peel test rig which has the capability of 
measuring the bond strength of curved samples. Testing of samples showed that 
it is possible to achieve sufficient bond strength with suitable processing 
parameters. 
 Manufactured a novel in-situ consolidated wingbox with VAT sections, showing 
it is possible to produce a full scale component with steered CF/PEEK tows.  
 Successfully utilized a novel method of attaching stringers to a wingbox skin. 
Stringers were manufactured initially then they are positioned into a wingbox 
mould. The stringers are attached to the skin of the wingbox by using the laser of 
the ATP head to bond the skin to the outer surface of the stiffener.  
 Testing of the wingbox showed that it is possible to achieve sufficient bond 
strength of in-situ consolidated CF/PEEK steered tapes at component level. 
Furthermore, the CF/PEEK steered tapes efficiently directed loads away from the 
weaker unsupported skin to the stronger stiffened skin. Buckling load increased 
by 14 % in comparison to a constant fibre angle wingbox. 
 Designed a novel spreading rig which has the ability to vary the width of carbon 
fibre/thermoplastic pre-preg tapes to eliminate gaps between steered tows. 
 Completed detailed analysis of the effect of different processing parametres of the 
spreading rig. Investigated the effect of temperature, pressure and pull-through 
rate. Also, showed it is possible to achieve a 62 % increase in width, which is 
sufficient to eliminate gaps between steered tapes. 
 Characterised spread carbon fibre/PEEK pre-preg tape. Investigated the effect 




   
 Manufactured laminates from spread tape. Showing it is possible to spread long 
lengths of pre-preg tape and then process spread tape with an LATP head.  
 Characterised laminates manufactured from spread tape to analyse if spreading 
has negative effect at laminate level. Results highlighted issue with the current 
spreading rig which will be addressed in futrure work. 
7.3 Recommendations for future work 
Recommendations for future work can be split into two sections, the first offers 
recommendations for manufacturing VAT laminates using CF/PEEK tapes. While the 
second offers recommendations for eliminating gaps in components through the use of 
the spreading technique.  
A detailed study was completed which analysed the ability to in-situ consolidate VAT 
laminates using CF/PEEK. Processing parameters such as steering radius and lay down 
rate were analyzed. Future work could analyse other processing parameters such as 
compaction pressure and different compaction rollers. Increased compaction could assist 
in eliminating defects while different compaction roller materials and architecture could 
affect defect formation and bond strength. Two separate materials were analysed but both 
had similar widths. It is clear that the width of the tape is directly related to the lowest 
steering radius achievable without defects. It would be worthwhile to analyse 
thermoplastic pre-preg tapes with different widths to investigate if width is directly 
proportional to the minimum steering radius achievable, while also comparing it to 
previous work completed on thermoset material systems.  
A novel method for varying the width of CF/PEEK pre-preg tapes was presented. The 
current technique was the result of a number of trial and error design iterations to get the 
best possible method. However, once laminates were manufactured and tested using the 
current method it was found that there is an issue with the current technique. Fibres on 
the outer surface were damaged. The current method utilizes compaction shoes instead of 
rollers. The pre-preg tape slides between a flat platen and compaction shoes. Friction 
induces shear stresses which result in fibre damage on the top surface. Initial designs 
trialled the use of a roller instead of compaction shoe as it would not induce shear stresses. 
However, the issue with rollers is a stray fibre often would stick to the roller and 
  
165 
   
continuously wrap around the roller, eventually preventing the roller from rotating. It 
would be worthwhile potentially re-investigating the use of a roller, implementing a 
method to prevent the fibres from wrapping around the roller. If this method was possible 
it would also eliminate damage due to shear forces on the outer surfaces which is an issue 
with the current method.  
Another potential option to advance the concept of spreading further is to investigate the 
use of different matrix material. To date only PEEK has been trialled with the spreading 
rig, but PEEK is a high melt temperature (343 °C), this causes difficulty in keeping a 
steady rig temperature in a room temperature environment as significant heat is lost by 
convection. Furthermore, the use of PEEK makes it difficult to select a mould release. 
Mould release is important as it prevent molten resin or fibres sticking to the rig and 
impeding the spreading of the tape. Few release coatings are capable of withstanding 
temperatures in excess of 300 °C for prolonged periods. If a matrix material such as nylon 
(PA12), which has a melt temperature of 180 °C, was used it would allow a broader range 
of mould release coatings to be used.   This would assist in the operation of the spreading 
rig as it would be possible to keep a more consistent temperature and also help prevent 
material sticking to the rig.  
Once current issues have been resolved with the spreading technique it would be 
necessary to complete an analysis of how processing parameters of the spreading rig 
affect the amount of spreading which occurs. A design of experiments analysis would be 
required, focusing on parameters such as temperature, pressure, pull through rate, no. of 
compaction stages. Also, it will be important to be aware of limitations of the spreading 
process such as the maximum amount of spreading achievable and the maximum rate of 
change in fibre width. The analysis is required to advance the concept of spreading further 
as researchers and manufactures will require this information to accurately control the 
fibre width variation. 
Future work will have to focus on implementing a spreading rig onto an ATP machine. 
Currently, the spreading rig is operated in a lab based set-up. To fully achieve the potential 
of spreading it will need to be installed and programmed in sync with an ATP machine. 
This will require design of hardware to mount the rig, attachment of services and most 




   
Finally, research will also have to investigate lay-up orientations for laminates which 
incorporate spreading. It is important to understand how varying the thickness of pre-preg 
tapes will affect the performance of a component. The spreading technique will result in 
variable thickness across laminate surfaces but this variation will be considerably 
smoother compared to gaps and overlaps. One potential option is to balance laminate 
thickness or reduce the effect of thickness variations by averaging localized individual 
ply thickness throughout the entire thickness of the component. 
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Introductory Statement 
The following study was completed after the first wingbox test (Chapter 4). The first test 
analysed the performance of a VAT CF/PEEK wingbox when tested under bending and 
shear. However, this first test did not take torsion into consideration. To get full 
confirmation that CF/PEEK VAT tow paths improve the performance of an aircraft 
wingbox, the wingbox needed to be tested in shear, bending & torsion. This load case is 
more representative of the loads applied in flight. This study reports the changes made to 
the test set-up in order to apply all three load modes and discusses the results obtained. 
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Automated manufacturing of thermoplastic composites has found increased interest in 
aerospace applications over the past three decades because of its great potential in low-
cost, high rate, repeatable production of high performance composite structures. 
Experimental validation is a key element in the development of structures made using this 
emerging technology. In this work, a 750 × 640 × 240 mm variable-stiffness unitised 
integrated-stiffener out-of-autoclave thermoplastic composite wingbox is tested for a 
combined shear-bending-torsion induced buckling load. The wingbox is manufactured by 
in-situ consolidation using a laser-assisted automated tape placement technique. It is 
made and tested as a demonstrator section located at 85% of the wing semi-span of a B-
737/A320 sized aircraft. A bespoke in-house test rig and two aluminium dummy 
wingboxes are also designed and manufactured for testing the wingbox assembly which 
spans more than 3 m. Prior to testing, the wingbox assembly and the test rig have been 
analysed using a high fidelity finite element method to minimize the failure risk due to 
the applied load case. The experimental test results of the wingbox are also compared 
with the predictions made by the numerical study performed by nonlinear finite element 
analysis showing less than 5% difference in load-displacement behaviour and buckling 
load and full agreement in predicting the buckling mode shape. 
Keywords: Composite wingbox, variable stiffness, tow steering, buckling, 
thermoplastic, testing 
B.1 Introduction 
The most reliable way to assess the viability of a structural component in aerospace 
industry is to test it under a condition that closely represents the actual loading and 
boundary conditions [1, 2]. This approach becomes more critical when a structure is made 
of composite materials that are relatively new compared to metals and understanding their 
behaviour is still under development. 
The steadily increased interest in using composite materials in aerospace structures is 
primarily due to their potential for weight reduction arising from their superior specific 




has been both costly and potentially risky. Development was initiated by the military 
where the major driving factor is performance. The Bell-Boeing V-22 Osprey uses 50% 
composites, whereas Boeing’s C-17 contains 7300 kg of structural composites [3]. 
Boeing 787 and Airbus A350 are two examples of large commercial aircraft in which 
more than 50% of the structural weight (more than 80% by volume) are made from 
composites [3–5]. In particular, thermoplastic composites have recently gained more 
interest in the aerospace industry due to their potential for recycling, fast forming and 
weldability, improved fatigue performance, impact properties and fire/smoke/toxicity 
properties compared to thermoset composites [6]. Moreover, their potential for out-of-
autoclave (OOA) processing make thermoplastic composites more appealing for low-cost 
and high-rate production. Despite the fact that thermoplastics have found applications in 
some aircraft including the US military’s F-22 fighter jet landing-gear and weapons-bay 
doors in the 1980s [7], leading edges of the aircraft A340 and A380 [8], the vertical and 
horizontal tail plane in the Agusta Westland AW169 rotorcraft23 [9] and the fixed wing 
leading edge on the Airbus A380 [10], there are still several manufacturing and in-service 
reliability challenges that need to be addressed to further de-risk use of thermoplastic 
composites in large primary aerospace structures. 
Automated fibre/tape placement (AFP/ATP), as an advanced robotic composite 
manufacturing technique, has also boosted the interest for using composite components 
in aircraft structures due to their advantages over conventional hand-layup methods 
including, but not limited to, higher accuracy, repeatability, higher production rate and its 
capability to manufacture complex structures that is not possible with conventional 
methods. One of the unique capabilities of ATP is fibre/tow steering by which the fibre 
orientations in a composite ply can be continuously changed to make a variable angle tow 
(VAT) lamina at a ply level. The so called variable stiffness laminates contain VAT plies 
which give the designers more scope to tailor the stiffness properties of a composite 
structure for improved load carrying and/or reduced weight. Process-induced defects and 
presence of gaps/overlaps between the steered tows are among several challenges within 
tow steering that are the subject of ongoing research. 
Wingboxes are one of the heavily loaded primary structures in an aircraft that if made 




into a single assembly. Making them from composites has the potential to minimize the 
number of connections between its components and reduce the assembly time/cost and 
maximize weight saving and load carrying capacity, simultaneously. As recently as 2017 
Airbus made the first single-piece composite centre wingbox using thermoset material 
cured in an autoclave with improved load-bearing properties and 20% reduction in 
manufacturing costs [11]. 
Towards addressing these challenges, an OOA, variable stiffness, unitised, integrated-
stiffener thermoplastic wingbox demonstrator was successfully designed and 
manufactured at the University of Limerick. A laser-assisted ATP was used in 
manufacturing of the wingbox components and with in-situ assembly to a single-piece 
without any mechanical fasteners or joints. Therefore, the assembly time and cost is 
significantly reduced. The production time and complexity was also considerably reduced 
compared to thermoset composites because of using the OOA manufacturing method. By 
making it blended, in-plane stiffness mismatches between different parts are minimized, 
and therefore, interlaminar stresses are reduced. The load is also redistributed via stiffness 
tailoring (tow steering) that results in improved buckling load carrying capacity. This 
wingbox was successfully tested, loading it with a shear force and bending moment, 
representative of the load at 85% semi-span of a B-737/A320 sized aircraft. This work 
has previously been reported by Oliveri et al. [12]. 
Currently, we build upon this previous work [12] by testing the wingbox under another 
load case in which torsion is also introduced, i.e., a combined shear-bending-torsion 
(SBT) load. This torsion arises from the offset between the centre of pressure where the 
resulting lifting force acts and the wingbox centre. To perform the test, the test rig was 
modified and reassessed to accommodate the combined SBT load case. A thorough finite 
element (FE) analysis was also performed in advance to investigate the buckling 
behaviour as well as the stress and strain state of the wingbox subjected to the SBT load. 
The rest of this paper is organized as follows: The design and manufacture of the wingbox 
is described in section A.2. The test setup for applying shear-bending-torsion load on the 
wingbox, computational analysis and predictions are discussed in section A.3. The test 
results and comparison with analysis are discussed in section A.4. Finally, the concluding 




B.2  Design and manufacture of the wingbox 
The wingbox was chosen to be representative of a civil aircraft (e.g., B-737/A320) with 
a wingspan (2b) of 36 m and maximum take-off weight (MTOW) of 75000 kg, as 
illustrated in Fig. 1. Since it was a manufacturing demonstrator, it is worth noting that the 
overall design process does not reflect a real wingbox structure for this type of airplane. 
Therefore, the design did not take into account all regulations of real flight vehicle 
structures. The section was assumed to have a length of l = 750 mm in between two ribs 
referred to as sections A and B in Figure B-1. 
 
Figure B-1: Positioning of the wingbox section and loads 
The properties of the carbon fibre thermoplastic material used in manufacturing the 
wingbox are shown in Table  B-1 and the geometrical features including the stiffeners 
shape and geometry are shown in Figure B-2. 
Table  B-1: Material properties of the in-situ consolidated thermoplastic tow. 
E1 (GPa) E2 (GPa) G12 (GPa) ν12 







Figure B-2: Geometry of the wingbox (dimensions are in mm). 
The chosen layup is shown in Table  B-2, where (0 ± h52|35i) denotes the steered parts, 
which are 35° at the sides of the stiffener and 52° in the middle between the stiffeners 
connected through a circular path. Overall, the layup design was more of a constraint-
driven design than a fully optimised design. Therefore, there remains scope for 
improvement in buckling and post-buckling behaviour for this wingbox, as discussed by 
Liguori et al. [13]. The design process of the wingbox is elaborated in more details in [12]. 
Table  B-2: Layups used for the wingbox with variable angle tow (VAT) sections. 
Skin bay Skin Stiffener Spar web 








A combination of winding and laser-assisted tape placement (LATP) were used to 
manufacture the wingbox and stiffeners. The stiffeners were made separately first and 
then were placed in a mould. Afterwards, the first layer, i.e., the 90° tows, were placed 
over the mould and stiffeners to result in a unitised, integratedstiffener box due to in-situ 
consolidation of the PEEK material at the interface of skin and stiffeners (Figure B-3). 
The manufacturing challenges and quality of the final product in terms of the interfacial 
bond strength and quality of steered parts and corners are described in detail in [14, 15]. 
The finished wingbox, with the steered layers on the outside of the skin bays, is shown in 
Figure B-4. 
 








Figure B-4: Finished wingbox: (a) side view, (b) section view and (c) during strain 
gauge installation. 
B.3 Test setup, modeling and analysis for testing 
The shear force and bending moment were determined by assuming that the wingbox 
section lies at approximately 85% of the wing semi-span of a B-737/A320 sized aircraft 
flying in cruise condition. It was assumed that the lift was elliptically distributed over the 
wing span and the resulting chord-wise aerodynamic moment on the wing was zero, i.e. 
there was no torsional load on the wingbox cross-section. This last assumption is now 




usually does not coincide with the centre of the wingbox cross-section. To simulate this 
state of the loading, the load introduction point was shifted by an offset distance from the 
centre of the wingbox to generate a torque in addition to shear and bending. The test rig 
allows maximum value of the offset e = 240mm from the centre of the wingbox. This 
offset distance was chosen to apply the maximum torque along with the previously 
applied shear and bending to assess the viability of the wingbox subjected to the combined 
SBT load case. The torque to bending ratio at the end section of the wingbox, for such 
offset distance, was calculated to be T/M = 0.18. 
A schematic of the Shear-Bending-Torsion test is shown in Figure B-5, in which the load 
was applied at one end and reacted by the middle and end supports. To this end, a steel 
test frame was designed and built. In addition, two dummy wingboxes made of mainly 
aluminium were designed, manufactured and attached to the composite wingbox to avoid 
boundary effects and stress concentrations in the composite wingbox during loading, as 
well as to facilitate the smooth transition of the load from the load introduction 
mechanism to the supports. The shape of the cross sections, as well as the flexural 
stiffness of the dummy wingboxes were designed and built so that they conform and 
match as closely as possible with those of the composite wingbox [16]. Figure B-6 shows 













Figure B-6: The wingbox assembly installed on the test frame: (a) front and (b) 
rear view. 
B.4 Test frame assessment for combined loading 
Applying the combined SBT load was performed by shifting the load introduction point 
by a prescribed offset distance (240 mm) from the centre of the wingbox cross-section. 
To this end, the steel box that supports the load introduction unit (jack-screw) was 
replaced by a modified one to accommodate the offset. The rest of the test set-up remains 
as it was for shear-bending. Figure B-7 shows the above mentioned modification. The 
whole test frame as it was for the SB test, as well as the modified one for the SBT test is 





Figure B-7:  Modification of the load introduction (jack-screw) support steel box 
for SBT test. 
 
 





B.4.1 Dummy wingboxes assessment for combined loading 
The highly stressed regions of the dummy wingboxes, i.e., areas in contact with the 
reaction points and near the load introduction and boundaries, were reinforced by internal 
support structures to prevent failure [16]. These regions along with the reaction points 
were reassessed for the SBT loading because of the non-uniform distribution of the 
reaction forces in those areas due to the added torsion. The reinforcements were found to 
be sufficiently strong and no modifications were necessary. 
B.5 Wingbox assessment for combined loading 
Prior to experimental testing, a numerical study was performed to predict the structural 
response of the wingbox subjected to the SBT load case. To this end, a finite element 
model of the wingbox was generated and analyzed for the SBT loading. A nonlinear 
analysis was performed first using a two dimensional (2D) model in which the composite 
wingbox was considered as a layered composite shell structure. After identifying the 
critical regions (highly stressed and strained areas), the 2D model was enhanced by 
modelling the critical regions with three dimensional (3D) finite elements. Then this so-
called mixed model was analyzed for further investigation of the critical regions for 
failure prediction. 
For the 2D model, ABAQUS S4R shell elements were used with six degrees of freedom 
(DoF) at each of its four nodes. The S4R element accepts only fixed material properties. 
Therefore, to model variable material properties in the fibre-steered areas, a piece-wise 
constant approximation was used. Then, a mesh convergence study was performed that 
resulted in 3 mm x 3 mm as an appropriate element size for converged results, that is the 
same size previously used for studying the composite wingbox subjected to shear and 
bending moment [17]. Using this mesh size, the linear buckling load λcr  converged with 
four significant digits. In the next step, a geometrically non-linear analysis was performed 
for the wingbox subjected to a load equal to the obtained first linear buckling load using 
the Riks algorithm. 
In the mixed model, the same S4R elements were used in the 2D parts, whereas for the 




DoF per node were used. The in-plane dimensions of the brick finite elements were kept 
the same as the shell elements (3 mm x 3 mm). To have an accurate prediction of the 
stress and strain fields through the thickness, five brick elements were used for each ply. 
In the SBT load case the critical regions were expected to be the corner regions between 
the skin and the spar webs, and also at the interface between the skin and the stiffeners. 
Therefore, the stresses and strains were investigated in these areas in the FE models to 
assess the risk of applying the SBT load. 
The wingbox with VAT skin section was modelled with the dimensions of 750 × 640 × 
240mm and a clamped boundary condition at the rear section. The 110mm reduced length 
(i.e. 640mm compared to 750mm in Figure B-2) arises because of 55mm overlap the 
wingbox has with each of the two dummy wingboxes in assembly. In the SB load case, 
the wingbox underwent a vertical shear load of 23.8kN and a bending moment of 
14.3kNm. Both loads were introduced at the shear centre of the front section as point 
loads and distributed along the whole section via rigid links between the loading point 
and the cross section of the wingbox in that location. A torsional moment of 5.76kNm 
was also considered in the combined SBT load case. This value for the torsional moment 
was obtained from the eccentricity e = 240mm of the applied shear load from the centre 
of the section. The material properties of the unidirectional ply, layups of skin, stiffeners 
and spar webs, are the same as those considered in the previous work [17] and listed in 
Table  B-1 and Table  B-2. The nonlinear analysis was performed using Riks algorithm 
in Abaqus FE software. 
In the Riks analysis the loads corresponding to the linear buckling load were applied 
comprising a transverse shear of 28.0kN, a resulting bending moment of 16.8kNm and a 
torsional moment of 6.72kNm due to the 240mm offset. The displacement contour maps 
corresponding to this combination of loads are shown in Figure B-9. In particular, Figure 
B-9(a) and Figure B-9(b) show the out-of-plane displacements in the skin and the web, 
respectively. The buckling occurrence can be observed in both skin bays and the web. 
However, when comparing the maximum out-of-plane displacements due to localized 
bending it can be observed that in the skin bay ( Figure B-9 (a)) it is inward and about 
four times higher than the web (Figure B-9(b)). In other words, the onset of buckling 





Figure B-9: Displacements (in mm) contour map at the buckled state. 
Figure B-10 shows the shear stress σxz contour maps. As expected, the combination of the 
shear and torsion results in a nonsymmetric distribution with a relatively low maximum 
value of σxz = 16.4MPa in the right side of the wingbox at the corner region. Figure 
B-10(b) shows the shear stress σxz at the skinstiffener interface and the spar webs. The 
maximum value of σxz in this region also occurs for the two stiffeners on the right side of 
the wingbox. As expected, its variation remains almost linear with respect to the distance 
to the shear centre of each section with an insignificant maximum value of 4MPa. 
 
Figure B-10: Shear stress σxz at the buckling load. 
Figure B-11 reveals that the shear stresses σxy at the skin-stiffener interface and at the 
corner regions are also small. The numerical results show the maximum values of σxy = 






Figure B-11: Shear stress σxy at the buckling load. 
As shown in Figure B-12, the numerical results present small values of σyz. In particular, 
its maximum value is σyz = 3.5MPa in the corner region and σyz = 1.5MPa at the skin-
stiffener interface. 
 
Figure B-12: Shear stress σyz at the buckling load. 
Overall, shear stresses are found to be not critical for the wingbox. Particularly for the 
skin-stiffener interface (which, at first sight, could be considered as areas prone to failure 
due to shear debonding), their large distance from the neutral plane of the wingbox results 
in relatively low shear stresses in this region, so as to be considered to be not critical. 
The contour maps of the strain fields are shown in Figure B-13. The FE analysis results 
show that the maximum shear strain, , occurs at the corner region between 
the skin and the spar web, as shown in Figure B-13(c). This is in agreement with an 
experienced designer’s intuition that the corner region is the most critical area for the 
wingbox integrity when loaded under the SBT load case. It is worth noting that although 
the strain value is high in this region, it is highly localized at the corner region attached 
to the boundary. Therefore, in reality, for a sufficiently long unitised wingbox with 




where the shear strain is maximum, the values of εzz and εxx are considerably less than that 
as shown in Figure B-13(a) and Figure B-13(b). 
 
Figure B-13: Strain fields contour maps at the buckling load. 
Following identification of the critical regions in the 2D model, the mixed FE model 
partially meshed with 3D elements was generated to further study the stress and strain 
states in those regions with more accuracy and details. Figure B-14 shows the mixed 
model in which the right hand corner regions were meshed by 3D finite elements. 
 
Figure B-14: The mixed model in which the critical region (top right corner) was 
meshed by 3D finite elements. 
Figure B-15 shows the displacement contour maps resulting from the nonlinear analysis 
of the mixed FE model using the Riks algorithm. As expected, the results are in agreement 





Figure B-15: Displacements contour maps at the buckled state using the mixed 
model. 
The in-plane shear stress (σxz) contour is shown in Figure B-16. The highest value of this 
shear stress occurs at the same region that the 2D model predicted (Figure B-10), i.e. in 
the skin-spar web corner region and its highest value is again highly localized at the 
boundary side as in the 2D model. 
 
Figure B-16: Shear stress σxz (MPa) at the buckling load using the mixed model. 
Figure B-17 shows the value of the shear stresses σxy at the spar web and the corner regions. 
The numerical results of the mixed model show a higher, yet still small, value of the 





Figure B-17: Shear stress σxy (MPa) at the buckling load using the mixed model. 
Figure B-18 shows the values of the out-of-plane shear stress σyz in the critical regions 
using the mixed model. Although the maximum value σyz = 24MPa is higher than the 2D 
model (see Figure B-12) it is not significantly high. 
 
Figure B-18: Shear stress σxy (MPa) at the buckling load using the mixed model. 
The normal stresses are also shown in Figure B-19 in which the dominant normal stress 







(a) Maximum value of normal (b) Maximum value of normal (c) Maximum value of normal 
 stress σzz (MPa)          stress σxx (MPa)                         stress σyy (MPa) 
Figure B-19: Normal stress fields contour map at the buckling load using the 
mixed model. 
The normal and shear strains are shown in Figure B-20 and 21, respectively. As observed, 
the normal strains are all less than 2500µ, which is believed to be below the strain 
allowable of the thermoplastic composite material that was used in the wingbox. However, 
the maximum shear strains show large values,  and  in the corner 
regions. It is worth noting that these relatively large strains do not occur in the same plies, 
yet are high and should be avoided to prevent wingbox failure. 
To evaluate the maximum strain values in the SBT load case, an investigation of the strain 
profile through the thickness was also conducted. In particular, since the highest values 
of strain were observed at the top right corner of the wingbox in the support side, the 
strain profiles were obtained for this zone only and compared with the maximum 
allowable principal strain which was set at 2500µ in this study. Figure B-22 and 23 show 
the normal and shear strain profiles through the thickness. All values of strain are 
normalized by the maximum allowable principal strain. In all plots the red line represents 
the strain value at the buckling load for the SBT loading condition, whereas the blue 
dotted line corresponds to the SB loading condition and the green dashed line represents 
the value of the maximum allowable strain. It is worth noting that the added torsion, which 
is considerable, did not significantly change the maximum strain values in SBT compared 
with SB loading case. Although the analysis shows that the maximum shear strains are 
εxy and εxz and occur at the corner which is the most critical area, the contour of the strains 
(Figure B-20 and 21) show that it is highly localized and is related to boundary effects of 
the FE analysis. In other words, in reality the strains are expected to be lower than those 





Figure B-20: Normal strain fields contour maps at the buckling load using the 
mixed model. 
 
Figure B-21: Shear strain fields contour maps at the buckling load using the mixed 
model. 
 
Figure B-22: Through the thickness normal strain profiles at the buckling load 





Figure B-23: Through the thickness shear strain profiles at the buckling load 
evaluated at the right top corner of the support side of the wingbox. 
 
Figure B-24: Load-displacement behaviour of the wingbox assembly predicted by 
FE analysis of the full model. 
To further study the structural behaviour of the wingbox assembly, a full model was also 
generated including the dummy wingboxes attached to the composite wingbox with their 




linked to the dummy wingbox at the loading side and the other end was simply supported. 
The middle support condition was also simulated by fixing the vertical movement of the 
nodes of the assembly at the contact line in that location. The vertical displacement of the 
assembly in four load values are shown in Figure B-24. It shows about 28mm vertical 
displacement at the loading end bottom part of the wingbox assembly in the load offset 
side and about 22mm at the opposite side, where the displacement gauges are installed in 
the test (Point A and Point B in Figure B-24). The predicted 6mm difference quantifies 
the twisting at about F = 31kN which is approximately 10% above the predicted buckling 
load. The load-displacement also shows an almost linear behaviour of the wingbox 
assembly during the loading/unloading. It is worth noting that the 2mm initial offset of 
the load-displacement plot is due to a small gap set initially between the wingbox 
assembly and the middle support as an initial condition in the finite element simulation. 
B.6 Test procedure and experimental results 
Interrogation of the wingbox during the test was performed via two methods 
simultaneously: (1) strain gauging and (2) digital image correlation (DIC) system. Figure 
B-25 schematically shows the location of the strain gauges installed on the wingbox to 
measure the strains in the regions of interest. For those areas prone to buckling the strain 
gauges were installed back-to-back, i.e., at the two sides of the skin, to capture the onset 
of the formation of localized bending due to buckling. Two displacement measuring 
sensors were also installed at the bottom of the dummy wingbox at the load introduction 
side (Figure B-26 to record the end displacement of the wingbox assembly. In this way, 
it was also able to record the twist/rotation of the wingbox assembly due to SBT loading. 
The load is applied by a vertical displacement introduced by a constant speed (2 mm/min) 
jack-screw unit at the end point of the wingbox assembly. A load cell was placed between 
the jack-screw and a bar connected to the end of the wingbox assembly to record the load 
value during the test. Figure B-27 shows the whole assembly with the DIC cameras 
installed above the test rig to capture the deformation of the wingbox in the skin area. It 
is worth noting that, as only two DIC cameras were available, the test was repeated with 






 (a) Strain gauges outside the wingbox (b) Strain gauges inside the wingbox 
Figure B-25: Location of the strain gauges installed on the wingbox. 
 







(a) Wingbox assembly ready to test (b) Speckled areas on the top skin and side wall 
Figure B-27: Wingbox assembly and speckled areas for DIC system measurements. 
Figure B-28 shows the end displacements of the wingbox assembly measured by the 
displacement gauges during loading and unloading. As expected, the end displacement at 
the load offset side is about 5mm more than the other side because of twisting. A small 
clearance between the wingbox assembly and middle support resulted in about 1mm end 
displacements before picking up the load. There was also a small horizontal misalignment 
that caused a slight twist in the opposite direction of the applied torsion in the beginning 
of the loading, as seen in Figure B-28. It caused the offset-side edge (right hand side in 
Figure B-26) of the wingbox assembly to reach the middle support first, the load then 
started to increase until the other edge reaches the middle support at the other side. At this 
point (F = 4kN) the wingbox assembly is fully parallel to the middle support and a full 
contact between them is formed, beyond which the twist due to the torsional load exceeds 
the opposite initial twist due to misalignment. The effect of friction between the joints in 
the wingbox assembly is also worth noting from Figure B-28 when the loading path is 






Figure B-28: Load vs. end displacements of the wingbox assembly. 
The axial strain variation during loading/unloading at the top skin at the loading side is 
shown in Figure B-29 . The maximum strain occurs at the load offset side and is slightly 
more than 800µε at the maximum applied load (31 kN). The deviation of the strain values 
measured from back-to-back gauges is believed to be related to initial imperfection of the 
top skin, not due to buckling in this region, as later it is shown that buckling occurred 







Figure B-29: Load vs. strains at the top skin in load side of the wingbox (dashed lines 
indicate inside). 
The predicted region for buckling was at the support side as shown in Figure B-9. 
Therefore, the back-to-back strain gauges at the two skin bays in this area were installed 
to interrogate these areas, as shown in Figure B-30. As observed in both regions a 
deviation was observed at a load of about F = 26kN. The different slopes of the load-
strain behaviour of back-to-back gauges are again related to the initial imperfection of the 
skin. However, the large change of the slopes (deviation) clearly shows the local bumps 
due to buckling in these regions. Comparing the two gradients for strain gauges No. 4 and 
29 shows that it is an outward bump, whereas it was expected to be inward (see Figure 
B-9). The reason is that the biggest inward half wave occurs at a location a bit closer to 
the support side, where strain gauge No. 34 is installed. This strain gauge was not initially 
installed before the assembly (there was no access to the inside of the wingbox to install 
another strain gauge inside the skin at this location). However, it shows the inward bump 
with a significantly larger strain compared to strain gauges No. 4 and No. 29. In other 
words, the main (longest) half wave of the buckling is inward and at this location as 





Figure B-30: Load vs. strains at the top skin in support side of the wingbox (dashed 
lines indicate inside). 
The other region that was prone to buckling based on the nonlinear FE analysis was the 
load offset side wall of the wingbox. Figure B-31 shows the strain variations at this 
location. As observed, there is no sign of a significant slope change in the strains 
measured from the back-to-back gauges. The DIC images do show more in this case and 





Figure B-31: Load vs. strains at the side wall in support side of the wingbox (dashed 
lines indicate inside). 
As shown in the FE analysis of the mixed model (Figure B-14) the most critical part that 
experiences severe stresses and strains is the top corner of the wingbox at the load offset 
side (Figs. 16-21). Figure B-32 shows the strains measured at the top surface of this corner 
during loading/unloading. The maximum strain values are not considerable (below 
1200µε), however, a tensile strain in the chord-wise direction (strain gauge 22) shows the 





Figure B-32: Load vs. strains at the corner of the wingbox. 
Figure B-33 and 34 show the out-of-plane displacement contour maps of the top skin and 
side wall at maximum load (31kN) measured by DIC cameras. The buckling mode shape, 
as well as the inward bump measured in the skin bay due to buckling, is in good agreement 
with the predictions made by the nonlinear Riks analysis performed by FE analysis 
(Figure B-9). It is worth noting that the out-of-plane displacements at the localized 






Figure B-33: DIC image of top skin showing the out-of-plane displacements at 
maximum load. 
 





B.7 Concluding Remarks 
A variable-stiffness unitised integrated-stiffener out-of-autoclave thermoplastic 
composite wingbox demonstrator was designed and manufactured in-house. A bespoke 
test rig was also designed and manufactured in-house for testing of the wingbox 
demonstrator under a combined shear-bend-torsion (SBT) load. The SBT load was 
applied on the composite wingbox and the experimental results were compared to the 
predictions from nonlinear FE analysis. The displacements and strains of the wingbox 
were measured by several strain gauges in the area of interest and a DIC system. The FE 
analysis results agreed well with the experimental results, both showing the buckling 
occurrence in the top skinbays which are under compression. They also predicted a slight 
localized bending due to torsional load in one of the side walls, which occurs after the top 
skin buckles. Moreover, the most critical areas for material failure were searched from 
three dimensional FE analysis and test, with both identifying the top corner at the load 
offset side to be the critical location. A through-thickness strain analysis was also 
performed to thoroughly investigate the strain profile in different plies in this region. Up 
to the point of buckling FE analysis shows that the maximum strain of (2500µε) is not 
exceeded. However, the test results at approximately 10% above the buckling load (31kN 
in this study) show failure did not occur at any location suggesting two important points: 
(1) the composite wingbox originally designed for SB loading has shown itself to be a 
viable concept for a specific combined SBT load, and (2) buckling occurs before material 
failure as would be anticipated for a buckling-driven design. 
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Introductory Statement 
Prior to manufacturing the VAT CF/PEEK wingbox, as detailed in Chapter 4, it was 
required to examine whether the method in which the omega stringers are attached to the 
wingbox skin provides sufficient bond strength. When manufacturing the CF/PEEK 
wingbox, stingers were manufactured before the wingbox skin. Six stringers were set into 
the wingbox mould and were attached to the skin by the LATP processing head melting 
the outer layer of the stringer and the inner layer of the wingbox and compacting the two 
together. No adhesive or mechanical fasteners were used. No research was found which 
completed a similar process. Therefore, this study mechanically characterises the bond 
strength of samples manufactured in a similar fashion. Interlaminar shear strength, Mode 
I & Mode II fracture toughness were analysed.  
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A critically important consideration of stiffened structural panels is the interfacial 
properties between skin and stiffener.  In the present study a novel implementation of 
laser-assisted tape placement (LATP) was used to produce a representative skin-stiffener 
of a wingbox with carbon fibre and PEEK. First, a stiffener is manufactured using this 
method and subsequently the skin is attached using the same method without need for a 
secondary bonding process. The interfacial properties between the skin and stiffener have 
been characterised in terms of interlaminar shear strength (ILSS) and fracture toughness 
(Mode-I and Mode-II) properties. LATP laydown direction and laser power was found to 
influence the skin-stiffener interface Mode-I fracture toughness, but not affect the Mode-
II fracture toughness. The values of ILSS and fracture toughness compare favourably with 
those results reported in the literature, in particular for those reported for equivalent 
aerospace certified CF/PEEK material (APC-2). 
Keywords: Automated Fibre Placement; Thermoplastic; Mechanical testing; Interface 
Properties 
C.1 Introduction  
Interest in thermoplastic composites continues to increase due to their potential for fast 
forming and weldability, as well as for their superior fatigue performance and excellent 
fire/smoke/toxicity (FST) properties compared with thermoset composites. With 
increasing demand for higher production through-put, out-of-autoclave (OOA) methods 
for composite structure processing are of increasing interest for the aerospace industry. 
Laser-assisted automated tape placement (LATP) in-situ consolidation of fibre reinforced 
thermoplastic composite material has the potential to produce high quality components 
without the requirement for a secondary consolidation processing step. Research has 
focused on the implementation of the LATP process as a replacement for conventional 
manufacturing techniques [1-3]. Recently, a large complex wingbox demonstrator with 
integrated stiffeners was produced from carbon fibre (CF) reinforced polyether ether 
ketone (PEEK) using this process without the need for a secondary consolidation process 
[4]. This work implemented a number of innovations, including: the use of fibre steering 




also to blend in-plane stiffnesses between different components (skin, web and stiffener); 
a unitized structure was produced by in-situ consolidation and in-situ joining of the 
stiffeners as part of the laser consolidation process. However, the formation of a good 
interlaminar bond during the process is a major concern due to the short time available 
for intimate contact development and polymer healing. The aim of this study is to examine 
the bond performance between the demonstrator skin and reinforcing stiffeners. 
The bond strength and interlaminar fracture toughness of composite laminates can be 
characterised using short beam interlaminar shear strength (ILSS), double cantilever 
beam (DCB) and end-notched flexure (ENF) tests [5]. Grouve et al. [6] performed 
mandrel peel tests to measure the degree of bonding in carbon fibre (CF)/polyphenylene 
sulfide (PPS) composites processed by LATP. The bonding strength was quantified 
through interfacial fracture toughness. Good bonding was observed for low laser input 
power at relatively fast lay down rates. Comer et al. [7] evaluated the performance of 
CF/PEEK composites by performing wedge peel and ILSS tests. The toughness of LATP 
processed laminates were compared with those manufactured by autoclave consolidation. 
While the autoclave processed specimens exhibited the highest strength, the interlaminar 
toughness was found to be dependent on the processing parameters that affected the level 
of crystallinity in the PEEK. Stokes-Griffin et al. [8] studied the influence of temperature 
and placement rate on ILSS of CF/PEEK composites; it was found to be independent of 
process temperature at 100 mm/s up to a temperature of 550 °C. Beyond this temperature, 
ILSS properties degraded. Many other researchers also reported the short beam strength 
of CF/PEEK composites which are produced from heat press [9], autoclave [7,10] and 
autoclave re-consolidation of ATP [3,11].  
 For CF reinforced epoxy composites, typical reported GIc values are around 260 
J/m2 [12]. Higher fracture toughness performance is expected from thermoplastic 
composites; reported GIc values for CF/PEEK range from 1.2-2.5 kJ/m2 [13]. Gao and 
Kim [14] observed that a faster cooling rate decreases the interfacial bond strength. A 
slow cooling rate improves the bond strength while fast cooling enhanced the ductility of 
PEEK, which increased the fracture toughness. This implies that the bond strength and 
fracture toughness can be changed relative to each other. The influence of cooling rate on 




toughness increases at faster cooling rates. It was concluded that higher cooling rates 
which increase polymer ductility are beneficial for fracture toughness. A study of fracture 
toughness of CF/PEEK processed by autoclave and LATP [13] concluded that the fracture 
toughness of LATP samples was almost 38% higher than the autoclave specimens. LATP 
samples had a more amorphous interlaminar bondline, due to the temperature profile 
experienced during processing and significant plastic deformation in interior plies. In a 
study of the influence of processing parameters on CF/PEEK [16], it was found that 
Mode-I fracture toughness was dominated by matrix properties, while Mode-II energy 
release rate was dependent on the bond strength between fibre and matrix. A study of the 
influence of specimen thickness and span length on Mode-II response of CF/PEEK [17], 
determined that Mode-II toughness was independent of thickness at a span length to 
thickness ratio greater than 20. In all of the studies reported, the characterisation 
specimens were manufactured in a single process. No data for larger representative 
structures was presented. Published data on the interfacial characterisation of CF/PEEK 
is very limited, in particular for LATP processed laminates. 
In this study, a unitized demonstrator wingbox was produced from CF/PEEK using the 
LATP process, details of which are given in the companion paper [4]. The completed 
demonstrator wingbox is shown in Figure C-1. Joining of skin and stiffener directly as 
part of the LATP process without any adhesives or rivets is a key achievement of the 
present work. However, it is essential to know the interface toughness and bond strength 
of the integrated skin-stiffener. A representative skin-stiffener was manufactured using 
the same approach as used for processing the wingbox demonstrator. The interfacial 
properties were characterised using ILSS, Mode-I (DCB) and Mode-II (ENF) fracture 
toughness tests. Two different processing strategies were adopted for manufacturing the 
DCB and ENF specimens. Firstly, the crack is located along the manufacturing (CAM) 
direction, i.e. the direction in which the tape was laid down, and then secondly the crack 
lies opposite to the manufacturing (COM) direction. Mode-I and mode-II fracture 
toughness values were obtained for both CAM and COM specimens. The influence of the 






Figure C-1: Representative wing box with skin-stiffener. 
C.2 Experimental Methods 
For manufacturing the skin-stiffener laminates, the tape used was supplied by Toho Tenax 
(carbon fibre (Tenax -E IMS65 24 K)/PEEK). The width of the tape was 6.35mm and the 
thickness was 0.18mm. The laminate was manufactured at a laydown speed of 3 m/min. 
A schematic diagram of the LATP method used to process the representative skin-
stiffener is shown in Figure C-2. The LATP system at the University of Limerick consists 
a LATP head attached to the KUKA robot arm (KR240 L210-2) which was supplied by 
AFPT GmbH. The target temperature was set to 400°C.  During manufacturing, the laser 
power was controlled using a temperature feedback loop. The laser angle relative to the 
substrate was set before each layer such that the focus of the laser was close to the nip 
point (i.e., the point where the roller presses down the incoming tape on the substrate). 
The laser spot size was 20 mm wide in the tape direction and 40 mm along the length of 
the tape. The pneumatic pressure on the compaction cylinder was set to 2.5 bar. The roller 
used was a conformable silicone roller, provided by AFPT. Fibre reinforced thermoplastic 
tapes bond with the substrate under the application of heat, provided by the laser, and 
pressure, provided by the LATP head roller. A detailed description of the LATP process 
can be found in [8, 18]. The steps carried out for the manufacture of test specimens are 





Figure C-2: Schematic of LATP method. 
C.2.1 Manufacturing of skin-stiffener for ILSS tests 
For the ILSS specimens, a stiffener was manufactured (Figure C-3 a) and a representative 
skin layer (Figure C-3b) was subsequently laid-up over this. Steel box sections were 
placed at each side of the stiffener to support it. These were shimmed to ensure that the 
bonding surface was flush with the surrounding tool surface. The box section had a 
100mm nominal width, allowing only a relatively short run-up length for the skin 
laminate process. As the CF/PEEK tape does not adhere to steel, a strip of double-sided 
adhesive (Figure C-3) was used to prevent the tape from slipping during placement. 
CF/PEEK tapes with a unidirectional (UD) stacking sequence was used for both the skin 
and stiffener ([0º]8 each), so that the ILSS specimens harvested would correctly adhere to 
the lay-up recommended in the ASTM standard [19].  
 
Figure C-3: Skin-stiffener for ILSS test: (a) set-up for laying the skin on stiffener, 




C.2.2 Manufacturing of DCB and ENF test specimens 
To manufacture DCB and ENF test specimens representative of the interface between a 
skin and stiffener, a [0º]8 flat laminate was manufactured and cut into sections. A brass 
plate of the same thickness was inserted between the sections to simulate the mould 
surface between stiffeners. A [0º]8 skin layer was then laid-up over this assembly. 
Polyimide film strips, 50 mm in length, were placed at the mid-plane of the specimens to 
simulate a crack in the laminate, as shown in Figure C-4. The LATP head laser is 
controlled by a temperature feedback loop from an infra-red (IR) camera. Due to the 
difference thermal emissivity of material surfaces, the laser power fluctuates when 
moving from one material surface to another as it tries to stabilise on the desired feedback 
temperature from the camera. The first brass plate was 150 mm long to allow the LATP 
laser power to stabilise. For the first two laminates, the polyimide film was located at the 
finish, as the bond strength at the start may be affected by the laser power fluctuation as 
it moves from the brass plate to the composite surface. On the third laminate, the 
polyimide film was placed at the start to evaluate what effect laser power fluctuation has 
on the initial bond strength. 
 
Figure C-4: Schematic of the manufacturing approach for DCB and ENF tests. (all 




The manufacturing set-up can be seen in Figure C-5(a). The brass and composite plates 
were secured in place by adhesive tape. Due to the build-up of thermal stresses during 
lay-up caused by consolidation temperature tape being laid on a cooling substrate, 
warping (spring back) occurred across the width of the laminate can be seen in Figure 
C-5(c). However, as the width of the specimens to be harvested are small relative to the 
curvature of the panel (25 mm for DCB and ENF; 10 mm for ILSS), the influence of the 
on the test results should be negligible. 
 
Figure C-5: Set-up for manufacturing of skin-stiffener for DCB and ENF tests: (a) 
composite laminate with brass plates (b) extra layers laid down (c) final panel 
C.3  Mechanical characterisation of bond strength 
Mechanical tests were performed to evaluate the bond strength between the skin and 
stiffener, manufactured using a novel LATP approach. All specimens were harvested 
using a diamond blade cutter taking precautions not to induce delamination. 
C.3.1 ILSS characterisation 
Interlaminar shear strength (ILSS) tests were carried out according to ASTM D2344 [19]. 
Specimens were cut to the dimensions: 20 mm x 10 mm. Tests were performed with a 
Tinius Olsen H25KS test machine with a load cell of 1 kN. As shown in Figure C-6, the 
specimen was placed on two cylindrical supports of 3 mm diameter and a 6 mm diameter 
cylindrical head was used to apply the load at a rate of 1 mm/min until the first failure 









where: Pmax is the maximum load obtained from test, b is the width and h is the thickness 
of the specimen. 
 
Figure C-6: Typical test set-up for ILSS and the test specimen. 
C.3.2 DCB and ENF characterisation 
For DCB and ENF characterisation, the specimens were prepared according to ASTM 
D5528 [20] and ASTM D7905 [21], respectively. Tests were performed with a Tinius 
Olsen H25KS test machine with a load cell of 1 kN. Four samples were considered for 
each test. A schematic of the crack locations in different Bays and manufacturing 
direction are shown in Figure C-7 (a). The schematic is not as per scale. However, it gives 
clear idea about the manufacturing plan of the specimens.  
The size of the DCB specimens was 130 mm x 25 mm x 3.5 mm with an initial nominal 
delamination length of 44 mm. In the case of DCB test specimens, loading blocks of 25 
mm x 12.5 mm were adhered to the specimens using an adhesive. The load was applied 
at a displacement rate of 2.5 mm/min. The DCB test set-up is shown in Figure C-7(b). 
Calibration markings were made along the thickness of the specimens from the crack tip 
to capture the propagation of the delamination. A digital camera was used to record crack 
propagation and these images were successively used to measure the crack length. Mode-








where: P is the load, δ is the load point displacement, b is the width, a is the delamination 
length. Δ was determined experimentally by generating a least squares plot of cube root 
of compliance (C1/3), as a function of delamination length. The compliance C, is the ratio 
of load point displacement to the load (δ/P). 
 
Figure C-7: Fracture toughness characterisation: (a) Mode I DCB; (b) Mode II ENF. 
The ENF tests were carried out according to ASTM D7905 [21]. The specimens were 
placed on cylindrical rollers of 5 mm and a roller of 6 mm diameter was placed on the top 
centre of the specimen. A span of 80 mm was used for this test. Markings were made on 
the specimen as shown in Figure C-7c, which assist in the visual detection of the 
delamination tip and in making the compliance calibration (CC). The edges were marked 
with three vertical CC markings, within the expected crack region, at distances of 20 mm, 
30 mm and 40 mm from the tip of the insert. Loading was applied under displacement 
control at a rate of 0.5 mm/min for all CC markings. Mode-II fracture toughness, GIIc, 





   (3) 
where: Pmax is the maximum load from the test, a0 is the crack length used in the fracture 
test and b is the specimen width. m was determined using least square analysis of the 
compliance versus crack length cubed (a3).  
C.4 Results & Disscussions 
The interfacial properties of LATP manufactured skin-stiffener was obtained through 
different mechanical tests and the results are presented in this section. Typical load-




curves (toughness vs delamination length) are presented for the DCB and ENF tests. 
Fractography analysis of the failure mechanisms for each test is also presented.  
C.4.1 ILSS characteristics of skin-stiffener 
The ILSS tests were performed on UD skin-stiffener specimens; the results were 
compared with the existing literature. The ILSS load-displacement response, shown in 
Figure C-8, can be divided into three stages; Stage-I exhibits a linear elastic response up 
to a displacement of 0.7 mm. For Stage-II, the load reaches a maximum and plateaus with 
increasing displacement. In Stage-III, the load decreases gradually exhibiting progressive 
failure of the specimen. Similar behaviour for UD ILSS load-displacement for carbon 
fibre/PEEK was reported in the literature [7]. 
 






The ILSS properties obtained for Toho-Tenax Carbon/PEEK material are compared with 
the those of existing aerospace grade materials (APC-2) is shown in Figure C-9. Specimen 
preparation in the current study is different than that of the literature. The bonding of skin-
stiffener in the present study was created using in-situ consolidation. In the literature, for 
ILSS characterization total laminate was manufactured in a single go. The ILSS values 
obtained in the current study (47.4±1.63 MPa) is relatively higher than the average ILSS 
(42.8 MPa) of the literature. Agarwal et al. [24] reported an ILSS of 50±2.25 MPa with 
laser-assisted filament winding which is 5.2% higher than the current ILSS. Though the 
span-to-thickness ratio of both the works is same, consolidation temperature was higher 
(475 oC), compared to the current work (400 oC). This difference in temperature would 
have been beneficial for attaining complete through-the-thickness melting. Tierney and 
Gillespie [3] used a gas assisted ATP system to manufacture APC-2 laminates for testing. 
Though the width of the tape (6.35 mm) is the same in both the studies, the difference on 
the temperature source exhibited a difference in the ILSS. The temperature used in Ref. 
[3] was 330 oC while the current temperature was 400 oC. Therefore, the ILSS of the 
current study (47.4MPa) is 13.8% higher than the 40.8 MPa of Ref. [3]. The higher 
temperature of laser favoured the better consolidation of the laminate in the current study.  
Considering the process parameters of LATP were not optimized for the present study, 
the current ILSS (47.4 Mpa @ 3 m/min) is in close agreement with the study of Rosselli 
and Santare [25] for curved specimens (46 Mpa @ 1.2 m/min). Similarly, the study of 
Mazumdar and Hoa [23] reported the ILSS of 35.7±1.77 MPa for curved specimens. In 
Refs. [23, 25], the specimens were taken from a laminate produced with ring winding of 
146 mm diameter with an approximate thickness of 5 mm [25]. When ILSS specimens 
are prepared as per ASTM D 2344. Though specimen are in curvature, the span-to-
thickness ratio of the present work and Refs. [23, 25] is the same. Therefore, one can say 
that the ILSS of skin-stiffener of present LATP manufactured laminate was comparable 





Figure C-9: Comparison of ILSS. 
Different failure modes that occurred in the skin-stiffener are shown in Figure C-10. The 
specimens exhibited a clear interlaminar shear failure and plastic deformation; 
delamination occurred at either the top or bottom outermost layers, but no delamination 
was observed at the skin-stiffener interface, indicating a good interface bond.  
 




C.4.2 DCB results or Mode-I fracture toughness results 
Representative DCB test load-displacement curves are shown in Figure C-11. The initial 
loading stage is linearly increased until the crack initiates, the load then drops steadily as 
the crack propagates. The load-displacement curve exhibits ‘saw-tooth’ behaviour 
associated with stick-slip crack propagation. This stick-slip behaviour is attributed to 
regions of varying toughness in the specimens [5, 26]. The load drops abruptly as the 
crack propagates rapidly, after which the load increases again with displacement until the 
load drops again due to further unstable crack propagation. A significant difference was 
observed between the CAM and COM load-displacement response. The CAM DCB 
specimens achieved a significantly higher crack initiation load relative to the COM 
specimens. 
 
Figure C-11: Typical load-displacement response from DCB. 
The resistance curves of CAM and COM specimens for a typical DCB test are shown in 
Figure C-12; the first digit in the specimen code indicates from which manufacturing bay 




initial stage was characterized by an increase in GIc values with crack length. Examination 
of the DCB specimens showed that fibre bridging occurred in the crack tip opening area 
(Figure C-12 (b)), which helped to increase the GIc values. The initial fracture toughness 
of CAM samples (Figure C-12) exceeds that of COM samples (Figure C-12). 
Examination of the laser power plots for the manufacturing process indicates that this is 
caused by the variation in the laser power, affecting nip point temperature, during 
processing. On the LATP system, the laser power is controlled by a feedback loop from 
an Infra-red (IR) camera which measures nominal temperature at the nip point. However, 
as the laser passes over materials of different emissivity, the IR temperature reading 
changes causing the laser power to fluctuate. The power as a function of time is shown in 
Figure C-13. The power traces are averaged over 5 points before and after the actual point 
to smooth the data. Each line represents a different track of the panel during 
manufacturing. At first brass insert, laser power at started at 550-580 W, at the end it was 
490-520 W, so a loss of 60 W over 70 mm, or 1.4 seconds. For the second brass insert, 
laser power varied from 490 W to 530 W at the start and at the end, it was 420-460 W 
with a power loss of 60 W over 1.4 seconds. At the third brass insert, the peak a bit after 
the start of the brass was at 490-530 W and at the end it was 425-465 W, with a power 
loss of 65 W, this time over roughly 0.95 seconds. In the case of polyimide insert, at both 
the first and second inserts power went from 540-580 W to 490-530 W, with a drop of 50 
W which occurred very suddenly. For the third polyamide tape, there was too much 
scatter to say anything useful in terms of numbers, but in this case, an increase in power 
occurred. The reason for the drop and increase in the power is most likely the temperature 
sensor picking up the brass plate (decrease) or the composite part (increase), which have 





Figure C-12: Mode-I fracture toughness vs. crack length: (a) crack along 
manufacturing, (b) crack opposite to manufacturing and (c) fibre bridging 
 




Laser power plots for Bay 1 show that the laser power remains relatively consistent across 
the bay, particularly passing from the composite to the polyimide tape, i.e. the crack 
initiation point for the DCB specimens. The time taken to reach a steady state in Bay 1 
was about 0.3 sec, or 15 mm and in bay 2 it was about 0.45 seconds, or 22 mm. However, 
this was towards the end of the sample, so this probably only influences the breaking of 
the sample at the end. Looking from the crack tip, the power was constant. Bay 1 
specimens exhibit the best GIc values, with initial crack initial starting at above 1 kJ/m2, 
and rising rapidly to plateau above 2.3 kJ/m2. For Bay 2, the laser power is less stable, 
increasing steadily over the bay to the composite/polyimide interface. For the Bay 2 DCB 
specimens, the GIc values increase to approximately 1.5 kJ/m2 near crack initiation, but 
decrease steadily in line with the laser power decrease away from the 
composite/polyimide interface. For Bay 3, the power was constant from the start, towards 
the end it started decreasing roughly to 0.4 seconds, or 20 mm, before the start of the brass 
plate. At the start some scatter in the power reached was present, which could explain 
(part of) the scatter in these results. The Bay 3 specimens achieved the worst initial GIc 
values (below 0.5 kJ/m2), but increased steadily to approximately 2.0 kJ/m2 as the crack 
progressed. For all other cases, the power is only decreasing towards the end of the sample, 
so its influence should be limited to the fracture toughness in the last 20 mm of the sample. 
The laser power plot shows that there is a significant power fluctuation across the 
polyimide/composite interface, but it begins to stabilise and increase across the bay. This 
data indicates that the laser power/processing temperature significantly influences the 
interface bond, but more research is required to determine the exact mechanism by which 
the bond is affected.  
An overview of the Mode-I fracture toughness of integrated skin-stiffener (CAM and 
COM samples) are presented in Table C-1.This GIc behaviour is similar to that reported 
in other studies [13,15,16,28] and the values obtained compare well with the values of 
carbon fibre/PEEK composites reported previously (see  
 
Table  C-1).  The nominal crack length reported in the literature was 50mm, however, 
















































































A representative DCB specimen fracture surface is shown in Figure C-15 a. Unlike the 
fracture surface obtained in [13] for autoclave consolidated CF/PEEK, which exhibited 
grey zones for crack initiation and dark zones for crack growth, the surfaces obtained in 




However, all the specimens exhibited fibre bridging after crack initiation as shown in 
Figure C-15 and Figure C-14(b).  
 
Figure C-14: Laser power as a function of crack length, thick lines represent 
the average laser power, while dashed lines represent minimum and maximum laser 
power values. 
C.4.3 ENF results or Mode-II fracture toughness results 
Representative load-displacement curves for CAM and COM ENF test specimens are 
shown in Figure C-15. Similar load-displacement response was observed for CAM and 
COM specimens, indicating that the ENF Mode II response is constant from beginning to 
the end of the interface. All specimens exhibited initial linear behaviour, followed by a 
change in the load-displacement response indicating crack initiation. The crack 
propagation was stable for each specimen. The response of the current ENF specimens is 





Figure C-15: Mode-I fracture toughness vs. crack length: (a) crack along 
manufacturing, (b) crack opposite to manufacturing and (c) fibre bridging 
Mode-II fracture toughness was evaluated based on the compliance calibration method 
outlined in ASTM D7905 [21]. Figure C-17 shows the compliance of ENF specimens 
versus crack length for both CAM and COM specimens. The results revealed that the 
compliance of all specimens increases linearly with respect to the crack length. The 
direction of manufacturing did not show any influence on the compliance. This response 
of the Mode-II ENF skin-stiffeners compliance represents the bending stiffness of the 





Figure C-16: Typical load vs. displacement of ENF specimens. 
The GIIc values of CAM and COM specimens varied from 1.35 kJ/m2 to 2.84 kJ/m2. The 
average values of GIIc for CAM and COM samples were 1.88±0.66 kJ/m2 and 1.78±0.35 
kJ/m2, respectively. The values obtained are in agreement with ENF carbon fibre/PEEK 





Figure C-17: Compliance of ENF specimens.  
C.5 CONCLUSIONS 
A representative skin-stiffener of a stiffened structure (wingbox) was manufactured from 
CF/PEEK using LATP in-situ consolidation. The skin and stiffener were joined together 
as part of the LATP layup process without need for secondary processing. The purpose 
of this study was to assess the bond strength achieved at the skin-stiffener interface by 
characterizing the bond using ILSS, DCB and ENF tests. In the case of the ILSS tests, 
specimens exhibited a clear interlaminar shear failure, but delamination occurred at either 
the top or bottom outermost layers, with no delamination observed at the skin-stiffener 
interface, indicating a good interface bond. 
Mode-I fracture tests revealed that the laser power exhibited a significant influence on 
the fracture toughness of the skin-stiffener interface. However, Mode-II test results were 
more consistent and did not seem to be affected by laser power fluctuation. More research 




power/processing temperature. In addition, the processing parameters for the material 
tapes used in this study have not been optimised, so further work is required to optimise 
the process. 
The results show that the LATP manufacturing process for the skin-stiffener produced a 
bond at the interface that was comparable with that reported in the literature for similar 
in-situ consolidation methods. In addition, the values obtained compared well with the 
properties of certified aerospace grade materials (APC-2) reported in the literature. While 
the processing parameters for this manufacturing method are not fully optimised, this data 
suggests that the material and processes used in the present study can be developed for 
implementation in aerospace structures. 
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Introductory Statement  
The research in this paper was an initial study completed prior to testing the VAT 
CF/PEEK wingbox. This study details the manufacture of omega stiffeners and verifies 
whether the design and sizing of the stiffener used for the wingbox is suitable for its 
application. Certain properties examined are interlaminar shear strength and corner 
strength of the omega stiffener.  
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Fibre reinforced composite materials are finding increasing application in aerospace 
structures due to their superior specific properties. Aerospace structures make widespread 
use of stiffening elements, such as stringers, for example in wingboxes and fuselage 
structures. Sizing of stiffeners to fulfil strength, stiffness and manufacturing 
considerations is a significant challenge. Herein, a novel manufacturing approach using 
winding in combination with laser-assisted tape placement is used to manufacture an 
omega-shaped stiffener made from carbon fibre thermoplastic material. This paper 
discusses the integrated approach taken by considering material choice, manufacturing 
constraints and structural design on the performance of a closed-section omega stiffener. 
The sizing is based on the buckling response of the wingbox, with manufacturing 
constraints taken into consideration. In the collapsible mould, a low-melt aluminium alloy 
is used as a spacer, which can be removed post-process by exposing the mould to the 
alloy melt temperature, which is below the glass transition temperature of the 
thermoplastic composite material. Manufacturing tests show that repeatable stiffeners of 
the appropriate dimensions are manufactured. Characterisation tests show that both the 
bond strength, measured using an interlaminar shear strength test, and the corner strength, 
assessed using a four-point bend test, are satisfactory. 
Keywords: Automated fibre placement; winding; out-of-autoclave; thermoplastic 
D.1 Introduction 
Composite materials are finding increasing application in large commercial aircraft due 
to their superior specific properties [1]; the Boeing 787 and Airbus A350 both contain 
over 50% by weight of composite materials [2, 3]. Aerospace structures make widespread 
use of stiffening elements, such as stringers, for example in multi-part wingboxes and 
fuselage structures, for the purpose of increasing structural efficiency by delaying the 
onset of skin buckling. Sizing of stiffeners to fulfil strength, stiffness and manufacturing 
considerations is a significant challenge for aircraft designers. 
In addition to the shape of the stiffener, the cost of manufacturing should also be 




costs were evaluated for a stiffened panel under combined compression and shear load. 
The manufacturing method considered was manual lay-up where cost was mainly 
attributed to the expected time to cut, lay-up and bag the stiffener. The outcome showed 
that the weight- and cost-optimum do not coincide. When optimising for weight, with a 
penalty for cost, T-shaped stiffeners were found to be optimal [4]. However, the 
manufacturing method has a significant influence on the cost parameter: when using 
automated lay-up, or removing the need to bag the stiffener, the cost calculation 
significantly changes. 
Another important consideration when manufacturing a stiffener is the type of mould used. 
A study on hat-stiffeners, also known as omega-shaped stiffeners, compared the use of 
metal, rubber and inflatable moulds to manufacture co-cured stiffened panels. As a 
reference, a flat panel was made, to which a stiffener was bonded. For the metal mould, 
the geometrical accuracy of the plate was the same as the reference one, and the stiffener 
also had the intended shape. In the case of the rubber mould, while finite element analysis 
indicated that the consolidation pressure should be uniform, it was found that the plate 
geometry was less accurate than the reference. Finally, the inflatable mould was found to 
exert uniform consolidation pressure, but the final plate exhibited a large curvature that 
was attributed to processing induced residual stresses. Pull-off tests revealed that the co-
cured panels had a higher failure strength than the secondary bonded reference plate, with 
the inflatable mould giving the best performance in terms of bond strength among the 
cocured panels [5]. This result was also found numerically where finite element results 
showed that integrally stiffened structures have a 3−5% higher bond strength compared 
to those that were co-bonded, while mechanical fastening leads to 19 − 25% lower bond 
strength than integrally stiffened structures [6]. 
In addition to the aerospace industry, the marine industry also makes use of composites 
with omega stiffeners, where glass fibre-reinforced polymer (GFRP) is mostly used rather 
than carbon fibre-reinforced polymers (CFRPs). A popular approach using GFRP is to 
first make the skin, then add a non-structural layer of foam, and lay the stiffener over this 
foam [7]. 
PRSEUS is a more complicated concept, developed by NASA, which uses both stiffeners 




around which the stringer flanges are stitched. The stiffener is laid down over a foam core, 
where slots are present for the stringer to run through, as can be seen in Figure D-1. The 
whole part is then stitched to a plate and cured [8]. Even though this is a strong structure, 
it is relatively complicated to manufacture and needs to be cured after manufacture. 
 
Figure D-1:  Schematic view of the PRSEUS concept [8]. 
A significant disadvantage of using thermoset materials is the need for additional thermal 
processing using an autoclave or an oven after lay-up which leads to a multi-step time-
consuming manufacturing processes. One way to avoid this limitation using thermoset 
material is with liquid resin infusion. As such, blade stiffeners have been made of 
preforms that were connected using either an epoxy powder or stitches. When using the 
powder, the preform is placed in a heated oven of around 100 degrees Celsius for 30 
minutes. Afterwards the stiffeners can be handled easily and are placed on top of a plate 
and the complete preform is infused in one operation [9]. Even though use of the 
autoclave is avoided, both the bagging, necessary for the infusion process, and the 
infusion itself are time-consuming, and an oven is still required. 
When using thermoplastic materials, a stiffener can be connected to the surrounding 
structure using induction welding, removing the need to use an autoclave or infusion 
process [10]. Induction welding of thermoplastic material has been the subject of many 
research papers over the last thirty years [11]. Another way to connect a plate to the 
stiffeners is to place the stiffeners in place and bond in-situ when laying down the first 
layer [12]. To manufacture an open-form stiffener, the material can be pressed into the 
desired shape. Match die forming can be used to obtain L-shaped stiffeners out of 




the desired forms. Tests have shown that this is a fast and repeatable process, however, 
the fibre angle orientation after pressing is difficult to predict accurately [13]. 
A manufacturing process to obtain a closed-form section is filament winding [14, 15]. A 
key issue is heating the pre-impregnated thermoplastic tapes to the processing 
temperature. Possibilities include direct flame, hot gas, infra-red radiation and a laser [16]. 
For the fastest manufacturing speeds, a laser is possibly the best option, while infra-red 
radiation leads to a lower process-cost. Another important parameter is the tape tension 
while laying down the tape. This has a large influence on the residual stress in the final 
product [17]. Instead of using pre-impregnated tows, combining on-line impregnation and 
filament winding is also possible. Initially, more voids were found using this 
methodology [18]. More recently, the technology has improved, and the quality of the 
final product is comparable to using pre-impregnated tows. An advantage of on-line 
impregnation is that it allows local fibre volume fraction variation [19]. The quality of 
the on-line impregnation was shown to be comparable with pre-impregnated tows for 
speeds up to 15 m/min [20]. 
Other manufacturing techniques that can be used to obtain L-shaped samples include 
pultrusion, braiding, or compression moulding. When using pultrusion, the fibres are 
pulled through into a specific shape. Different cross-sections can be obtained, but the 
spring-in angle is dependent on the distance from the die exit [21, 22]. A combination of 
braiding and pultrusion can also be used, but the achievable lay-ups are restricted as no 
uni-directional part can be achieved. The resulting structure is found to be well 
consolidated [23]. A more general overview can be found in Baran et al. [22] 
In the current work, an omega-stiffener is sized and manufactured from thermoplastic 
material using winding and laser-assisted tape placement (LATP) in-situ consolidation. 
LATP works by heating the carbon-fibre PEEK material to its melt temperature using a 
laser, and consolidating the substrate and incoming material using a roller that operates 
after the material is heated. The laser power is controlled by a temperature feedback loop 
based on the sensed temperature of the incoming material and substrate. During rotation 
the head slows down, and only moves over the distance of the rounded corner. Hence 
before and after each corner the laser head decelerates and accelerates. This change in 




combination of winding and LATP around non-circular cross-sections has not been 
reported in literature to the authors’ knowledge. Contrary to most other stiffeners, we 
have chosen a closed-section stiffener which is manufactured using a novel collapsible 
mould. After manufacturing of the stiffener, a skin can be laid over them, creating an 
integrally stiffened structure without the need for secondary consolidation, or induction 
welding. This same principle was later applied in a wingbox, as discussed in companion 
work by Oliveri et al. [24] The stiffener quality is assessed by measuring the interlaminar 
shear strength of the straight parts. Furthermore, the strength of the corner regions is 
assessed by unfolding them, similar to work recently carried out by Kollmansberger et al. 
[25]. 
The remainder of this paper is organised as follows: first the sizing of the stiffener, based 
on the buckling behaviour of the wingbox in which it is used as stiffening element, is 
discussed in section C.2. Next, the novel mould, which was made collapsible to take the 
manufactured part off, is described in section C.3. The initial manufacturing trials, 
successful proof-of-concept of the collapsible mould and the manufacture of the final 
stiffeners is discussed in section C.4. The interlaminar shear strength and corner region 
strength are characterised in section C.5, using ASTM D2344 and D 6415 respectively. 
The paper is concluded in section C.6. 
D.2 Sizing of the stiffener 
For this work a closed-section omega-stiffener was selected. To describe this shape, three 
variables are necessary: top, bottom, and height, as indicated in Figure D-2. The bottom 
of the stiffener is defined as the side that attaches to the surrounding structure. 
 
Figure D-2: Dimensions of the stiffener. 
The omega-stiffeners are used as stiffening elements in a wingbox, which is discussed in 
companion work by Oliveri et al. [24], and shown in Figure D-3. The height of the 




smaller than this. On the other hand, since winding in combination with LATP is the 
chosen manufacturing strategy, the height cannot be too small as the mould has to be 
sufficiently stiff during manufacturing. The bar around which the mould rotates was set 
to be at least 25 mm in diameter to avoid excessively large deflections under the weight 
of the mould and the pressure of the fibre placement machine. Furthermore, the mould 
itself should be at least 3 mm thick so as to not deflect under the pressure of the fibre 
placement machine. To allow for variations in stacking sequence, it was decided that the 
height of the outside of the finished stiffener would be 40 mm. 
Once the height was set, only the top and bottom length of the stiffener had to be sized. 
For the analysis, the minimum size of both the top and bottom was chosen to be the same 
size as the height, 40 mm: an omega-stiffener that is less wide than its height was 
considered unfeasible. The maximum width was set to twice the height, 80 mm: any wider 
was considered too wide. As a final constraint, it was decided that the bottom of the 
stiffener has to be at least as large as the top of the stiffener: traditionally the bottom of 
an omega-stiffener is wider than the top. Overall, these considerations provide good levels 
of torsional stiffness and reduce inter-stiffener distance, thereby raising buckling loads 
and ultimately improving structural efficiency. To limit the number of analyses, the top 
and bottom length were parametrically varied in steps of 10 mm, requiring 15 possibilities 
to be checked. 
 





To determine the optimal shape of the stiffeners, the buckling load of the wingbox with 
stiffeners of different sizes was calculated using an in-house developed multi-panel Ritz 
method [26]. The middle of the bottom of the stiffeners is located at 125, 375, and 525 
mm from the side. The loads chosen were the same as those applied to the wingbox: a 
vertical shear force of 31 kN and a moment of 16 kNm, applied using in-plane 
compression on the top side, and tension on the bottom side. The material was supplied 
by Toho Tenax with properties listed in Table  D-2 . Buckling was constrained to be in 
the plates, not in the stiffener. To ensure this, an equal number of layers in the skin and 
stiffener were used. The lay-up chosen was [0/90/−45/45]s. The thickness of all layers 
was scaled to obtain a specific total thickness. The absolute thickness is not important in 
the study since it is a linear analysis: scaling the thickness does not change the relative 
difference between the different geometries. For clarity, the calculations were repeated 
after sizing of the wingbox with a thickness equal to 16 layers such that the buckling 
factor is approximately 1. In this case the lay-up can be physically interpreted as 
[02/902/−452/452]s. 
The result of the buckling factor calculations is shown in Figure D-4. From this figure it 
can be observed that the main influence is the width of the bottom of the stiffener. These 
results are as expected: the wider the bottom of the stiffener, the smaller the plate in 
between, where buckling occurs. Furthermore, it can be deduced from this figure that the 
width of the top of the stiffener has a small influence, hence to save weight it should be 
chosen to be as small as possible. 
Another aspect that must be taken into account is that during LATP winding, the head 
slows down to almost being stationary in the corners: while the mould is rotated the 
distance traveled is only the length of the rounded corner. The laser is controlled by a 
feedback loop based on the measured temperature of the thermoplastic material, hence 
the laser power changes during the rotation. However, from previous experience it is 
known that an acute angle of the mould may lead to manufacturing issues: either the laser 
does not power down soon enough and the material burns or the laser powers down too 
much and part of the material is not heated sufficiently. To avoid this situation, the top 






Figure D-4: Stiffener sizing analysis. 
D.3 Mould Design 
Conflicting requirements posed significant challenges for the stiffener mould design. The 
mould needs to be sufficiently stiff to withstand the pressure of the fibre placement head 
pressing down on it, as well as the pressure of the composite material as it cools down 
after placement, but it should also be sufficiently easy to remove the mould after 
manufacture and not be too heavy to avoid excessive sagging. It was decided that a 
collapsible mould offered the best option for demoulding without damaging the stiffener 
or mould. 
To make the mould collapsible, two options were considered: one, hinges located at 
specific edges; two, small gaps in the edges that make the mould smaller once the support 
is removed. The disadvantage of hinges is that to get the sides of the mould to collapse, 
some force is required. This requirement has two implications when collapsing the mould: 
one, unintended damage to the stiffener may result; two, the mould may become damaged 
beyond repair for future use. For these reasons the second option was chosen: making 
small gaps in the side of the mould such that it collapses once the support is removed. 
Three 2−2.5 mm gaps were inserted in the mould, as shown in Figure D-5. The two gaps 
on the inclined sides allow the top section to collapse down, while the bottom gap allows 
easy removal of the lower part of the mould. Since the thermoplastic tows are subjected 
to a small tensile force during manufacture, the small gaps are expected to have little 
effect on the final product. The roller that presses the tapes on the mould has a diameter 





Figure D-5: Schematic side view of the mould (all dimensions in mm). 
The next challenge is to design the support that keeps the mould in place during 
manufacture, but is easy to remove afterwards. It was decided to make the cut-out in the 
centre of the mould slightly larger than the shaft, and fill the excess and the small gaps 
with material that would be easy to remove. As for the material choice, a water-solvable 
material was considered, but since the necessary thickness was thin (2 mm), the material 
was considered to be too brittle. Furthermore, the water solvable material can only be 
used once. Instead, a low-melt alloy was selected. The selected alloy melts at 75 °C, well 
below the glass transition temperature of the thermoplastic material, which is 143 °C. 
After manufacturing, the mould and stiffener are placed in an oven, and heated to 80 °C, 
causing the alloy to melt and flow out. This leads to the mould collapsing such that it is 
easy to remove. 
The complete stiffener mould was required to be 1.2 m long. However, tool 
manufacturing restrictions prevented the mould from being produced in one piece: 
milling steel or aluminium over such a distance with the tight tolerances necessary is 
difficult and expensive. To ease manufacturing and reduce cost, the mould is made out of 
4 parts that are attached to each other using 2 pins per part, as shown in Figure D-6. This 
design has the added advantage that the mould becomes modular: if a shorter stiffener is 
to be manufactured, only 2 or 3 out of 4 parts can be used, which in turn leads to less 
sagging. 
The final consideration involves the corner radii, which need to be sufficiently large to 




rotation: while the mould rotates the distance traveled by the head is the arc length of the 
rounded corners. Hence, if there is no radius, the head does not move while the mould 
rotates. Based on our previous experience with manufacturing closed-form parts and the 
angles in the mould, the radius was set to 4 mm. 
D.4 Manufacture 
D.4.1 Initial manufacturing results 
When winding during LATP, only a 0° ply (i.e., fibre in longitudinal direction) is exactly 
0°: all other angles are slightly changed in the current work. This change is necessary to 
avoid gaps or overlaps on the stiffener: after one complete revolution, the distance moved 
in the longitudinal direction should be a multiple of the tow width such that by winding 
multiple tows the complete stiffener is covered without any overlaps or gaps. For 
example: a 90° ply implies that one winds circumferentially around the stiffener, but if 
exactly 90° is used, the ply would have to be cut after one revolution to start again next to 
it. Instead, the angle is made slightly smaller such that after one revolution one ends up 
adjacent to the ply already laid down: in this case an angle of 88.1° is used. In this way a 
90° layer is one continuous tow leading to better load carrying capability and easier 
manufacturing. The same is done for 45° plies: more than one tow is necessary, but the 
principle remains the same. Another option would be to change the shifting distance to 






Figure D-6: Mould connection point with low-melt alloy spacers. 
For the initial manufacturing test, a stiffener with a length of 300 mm was made with 
material supplied by Suprem. This sample provides proof of concept and highlights 
possible improvements for future manufacturing processes without using an excessive 
amount of material. The lay-up was chosen to be [90/45/−45/0]s, such that all major 
load-bearing fibre angles are accommodated. The first layer needs to be 90° because the 
thermoplastic material does not adhere to the mould, hence it has to be wrapped around, 
with the start and end of the tow manually attached to the mould with tape to provide 
sufficient tension. During manufacture the tow is under tension and conforms well to the 
mould. The linear tape feed speed was set to 3m/min since the mould is relatively small, 
and at each corner the speed is reduced to allow the mould to rotate. The LATP system 
was provided by AFPT GmbH. During manufacture, the laser power is controlled using 
a temperature-feedback loop. The target temperature was set to 400 °C. The laser angle 
relative to the substrate was set before each layer such that the focus of the laser was close 
to the nip point (i.e., the point where the roller presses down the incoming tape on the 
substrate). The laser spot size was 20 mm wide in the tape direction (using a 6.35 mm 




compaction cylinder was set to 2.5 bar. The roller used was a conformable silicone roller, 
provided by AFPT. 
To assess the effect of the gaps in the collapsible mould surface, the stiffener was cut off 
the mould after one layer to examine it for potential defects. The result is shown in Figure 
D-7. The locations of the gaps in the mould are visible after manufacturing, but the indent 
is small. It is expected this defect will not be observable, or indeed be detrimental to load 
carrying capability, in the final part. Sometimes a small gap appears between the tows. 
These are caused by small differences in the tow width, which was slit by hand from 12 
to 6 mm, meaning the tow width slightly varies over the length of a tow. Overall, no 
significant problems were seen in this layer, so manufacture of the complete stiffener was 
deemed to be feasible. 
The first layer was laid down again without observable defects. The same holds for the 
second and third layer, 45° and −45°, which were laid down without manufacturing 
problems. The fourth layer, 0°, did cause some issues: the start of the −45° layer was not 
sufficiently smooth for the 0° layer to bond well to it. Some tows did bond after a short 
distance, others did not bond at all. The laydown of these tows was repeated, so in the 
end the layer was complete. Since the fifth layer was again a 0° layer, a change was made: 
the first few centimetres of the stiffener were wrapped in 90° fibres to give a smooth 
surface to initiate bonding. With this change, the fifth layer was laid down without 
noticeable defects. The final three layers were laid down without any new issues 
appearing. 
 




After manufacture, the complete mould and shaft were placed in an oven, and heated to 
80 °C. The alloy melted, and poured out, as shown in Figure D-8. This caused the mould 
to collapse as designed, and the stiffener was easily removed. 
 
Figure D-8: The mould and shaft in the oven, with the low-melt alloy pouring out. 
Since material supplied by Toho Tenax was used for the actual wingbox demonstrator, 
another manufacturing test was done with the major load-bearing fibre angles. To have a 
reasonable and fair comparison between both materials, the 0° tows were placed directly 
on top of the 45° ply. On this occasion all tows were laid down without defects. It was 
noted that at the start of laydown, the tows did not bond immediately: it could take a few 
centimetres before they bonded. The tabs, which appear because the first part of the tape 
(under the roller when it comes down) is not heated by the laser, lifted at the start. These 
tabs were on occasion snagged by the roller, folded back, and ended up in the piece. A 
possible solution is to manually cut the tab after each track, but this process is time-
consuming. When it was noticed that a tab would end up in the part, it was cut, but the 
tabs are not noticed every single time. To avoid the tabs and have a good bond strength 
throughout the final stiffener, it was decided to discard the first     150 mm from the 
stiffener. Some fibre placement machines can process all material, which would remove 
the tabs, but the first 150 mm would still have to be cut off because of the bonding quality 
at the start. 
As a final remark, it should be noted that in a 0° ply, an overlap or gap appears: the 




occurs at the location where the first tow is laid down. Since the bottom of the stiffeners 
is intended to be bonded to the wingbox, this surface should be flat, hence the first tow 
should not be laid down here. The first tow should always be in the same location in plies 
that are symmetric to each other. In plies that are not symmetric to each other, the location 
is changed to avoid multiple overlaps or gaps occurring in the same place. This outcome 
can be avoided by changing the shifting distance to be different from the tow width, 
spreading out small gaps (≈ 0.1 mm) over the stiffener. 
D.5 Results 
During the manufacture of the final stiffeners no further defects were created as all tows 
bonded well. The quality of the stiffeners was visually assessed to be good as no obvious 
defects were seen. The repeatability of the process is also good as all stiffeners produced 
looked to be identical by visual inspection, as shown in Figure D-9. 
 
Figure D-9:View of the six stiffeners. 
For a 0° layer, the corners were not always well-bonded. This problem was due to the 
roller not conforming to the complete tow: the radius of the corners is only 4 mm, a tow 
is 6.35 mm wide so the roller would have to deform significantly to comply completely 
with the mould. An example of a tow that did not bond well can be seen in Figure D-10(a). 
When the bond was not achieved, the tracks of the layer were repeated with the roller 
applying pressure and the laser providing a constant power, but without additional 
material being laid. The temperature reached was approximately 375 °C, above the 
material melting temperature, allowing bonding of the tape and substrate. Because all 




previous track. Since the laser is also heating the material during this pass, a good bond 
is achieved. A picture of the stiffener after the laser passes over can be seen in Figure 
D-10(b). 
 
                          (a) before laser overrun.            (b) after laser overrun. 
Figure D-10: 0° layer before and after laser overrun. 
D.5.1 Characterisation tests 
To check the quality of the stiffener, two characterisation tests were performed. The first, 
an interlaminar short beam shear test assessed the interlaminar bond characteristics. The 
second test determines the strength of the corner: L-shaped parts cut out from the corners 
of the stiffener were unfolded to determine the corner strength. 
D.5.2 Bond strength 
The bond strength was determined using an interlaminar short beam shear test, following 
ASTM Standard D2344 [27]. The test specimens were extracted from the top and sides 
of a unidirectional stiffener: seven samples were taken from the side, and four from the 
top of the stiffener. The thickness of the samples was approximately 1.57 mm, as 
measured after manufacture. The dimensions of the test specimens were 20 by 10 mm, 






Figure D-11: Interlaminar short beam shear test fixture. 
The results from the 11 samples that were tested are shown in Table  D-1. The thickness, 
maximum load and corresponding interlaminar shear strength (ILSS) are shown in this 






      (1) 
where Fmax is the maximum force, b is the width and h is the thickness of the sample. This 
equation assumes a parabolic distribution of through-thickness shear stress and a uni-
directional lay-up. The ILSS calculation was used to obtain the bond strength of the test 
specimens. 
The values found for samples ’top 2’ and ’top 4’ have been marked in Table  D-1 because 
their ILSS values are outliers to expectation. Observing the load-displacement plot in 
Figure D-12, it is noticed that their stiffness is significantly lower, which is indicative of 
a pre-existing delamination which could be caused by machining. When checking the pre- 
and post-test pictures, shown in Figure D-13, delaminations are confirmed. Also ’side 4’ 
and ’top 3’ have a slightly lower ILSS but no delaminations are observed before the test 





Observing the results, it is noticed that the scatter of the ILSS is not excessively large: the 
standard deviation is within 10% of the average value measured. Although in companion 
work by Bandaru et al. [28] testing of samples made of the same material found an ILSS 
of 46 MPa, the values found for the interlaminar strength are acceptable considering that 
this is the first such use of this material and that the samples are thinner than that 
recommended in the test standard. The difference could also be due to the short sides in 
the current stiffener noting that the placement head accelerates and decelerates for a large 
part of the time, hence the laser power is not constant. Furthermore, the width of the 
samples is larger than the test standard recommends, which could induce a significant 
shear stress variation. The ILSS strength obtained is actually comparable to the strength 
found using an adhesive film between PEEK, noting that FM 300 adhesive from Cytec 
has a lap shear strength of 25.2 MPa [29]. This result implies that even though there may 
be room for improvement, the current bond strength is satisfactory. 
 
          (a) side test specimens                                      (b) top test specimens 
Figure D-12: Force-displacement diagram for the ILSS tests. 
D.5.3 Corner strength 
The corner strength was characterised by taking specimens from the uncut top-side corner 
of the stiffener. These specimens were unfolded in a 4-point bend test, following ASTM 
Standard D6415 [30], as shown in Figure D-14. The specimen dimensions were different 
from the standard recommendations because the stiffener was too small: the maximum 
length of the sides is 30mm. Furthermore, the radius used in the stiffeners is 4mm, not 




angle is not 90°, but only 78°. To comply as closely as possible to the test, all dimensions 
were approximately halved: a length of 30 mm, a width of 13 mm, a thickness of 
approximately 1.24 mm, with 37.5 and 50 mm between the inner and outer rollers, 
respectively. 
Table  D-1: Overview of the results of the short beam tests. 
sample thickness maximum load ILSS at 
 [mm] [N] maximum load [MPa] 
side 1 1.555 514 25.6 
side 2 1.597 554 26.0 
side 3 1.603 511 24.0 
side 4 1.515 388 19.0 
side 5 1.573 537 25.8 
side 6 1.594 522 24.5 
side 7 1.585 600 28.8 
top 1 1.563 581 27.8 
top 2 1.617 238 10.9 
top 3 1.579 431 20.5 
top 4 1.620 261 12.1 
average 1.57 515 24.7 
standard deviation 0.02 48.3 2.38 
The goal of this test is to determine the curved beam strength (CBS) which is calculated 
using 
[30] 
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where M denotes the moment, w the width of the specimen, F the total force, φ the angle, 
D is the diameter of the cylindrical loading bars, t is the thickness of the sample and dx 
denotes the distance in x-direction between the upper and lower bar. These dimensions 
are shown schematically in Figure D-15. The angle φ changes during the test, and can at 
any moment be calculated using 
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(a) Sample ’top 2’. 
 
(b) Sample ’top 4’. 






Figure D-14: Schematic view of the 4-point bend test according to ASTM D 6415. 
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  (4) 
where the subscript 0 denotes the initial angle (i.e., at the start of the test), and ∆ denotes 
the displacement in y-direction of the rollers. 
From the CBS, the radial stress in a curved beam segment can be calculated using the 
method originally proposed by Lekhnitskii [31]. This calculation has the advantage that 
the result no longer depends on the thickness of the sample, and results can be readily 
compared to each other. 
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where ro denotes the outer radius of the test specimen. The other terms are defined as: 
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where Eθ is the E11 modulus and Er can be assumed to be equal to E22. 
The tests are performed with Toho Tenax material, using data given in Table  D-2, with 
an 8-layer uni-directional lay-up. The material used was provided by Toho Tenax: TPUD 
PEEK-IMS65. It was slit to 6.35 mm wide tape, with a fibre volume fraction of 60%. The 
nominal thickness of a layer was 0.18 mm. The dimensions measured before the test are 
shown in Table  D-3. In this table, 1 denotes the thickness or width at the bottom of the 
left leg, 2 the corner position, and 3 the bottom of the right leg. The first observation is 
that the thickness in the radius is smaller than in the legs of the sample. This difference 
could indicate that during the rotation of the mould, the roller applies more pressure, or 
because of the slower speed, the roller remains here for longer and spreads out the fibres 
more. This resin could be squeezed out by the roller, causing the thickness to decrease in 
these regions. The width is relatively accurate as there are no significant differences 
observed between the three measurements, and an average can be used. 
 
 






Table  D-2: Overview of the material data. 
Material E11 [GPa] E22 [GPa] G12 [GPa] ν12 [-] 
Toho 
Tenax 
135 7.54 7.54 0.3 
Table  D-3: Overview of the width and thickness of the test samples. 
sample thickness 1 thickness 2 thickness 3 width 1 width 2 width 3 
number [mm] [mm] [mm] [mm] [mm] [mm] 
1 1.57 1.49 1.59 13.04 13.17 13.06 
2 1.55 1.49 1.59 13.32 13.18 13.30 
3 1.57 1.50 1.62 13.04 13.03 13.23 
4 1.66 1.54 1.72 13.16 13.22 13.19 
5 1.67 1.48 1.61 13.14 13.41 13.24 
6 1.65 1.50 1.62 13.23 13.32 13.30 
The results of the test are shown in Figure D-17. During testing a cracking noise was 
heard, but no associated drop in load was observed. However, the stiffness does reduce 
by up to 65% at this point which is indicative of a delamination or buckling event. Some 
small load drops can be seen, but nothing to indicate a major loss in load carrying capacity. 
At the end of the test, the sample is no longer L-shaped, with a lot of delaminations, as 






Figure D-16: Sample 1 at end of test. 
Only sample 1 is shown, but this is representative of all samples tested: the delaminations 
are not symmetric around the corner, and resemble a buckled sample. A possible reason 
is that the roller is decelerating before, and accelerating after the corner region. During 
deceleration the laser may power down too late, causing the material to burn. During 
acceleration the laser has to power up, which means a small part of the material may not 
be sufficiently hot to melt and bond to the substrate. After careful study of the samples, 
buckling was determined to occur in the part after the corner region. This result indicates 
the bond in this part is not sufficient, which may be due to the material not being 
sufficiently hot to reach an optimal bond strength. 
To calculate the CBS and radial stress, the load at which the stiffness reduces significantly 
was used. The results are shown in Table  D-4. The assumptions to calculate the radial 
stress are not met completely: even though the angle is fairly small, the displacement is 
no longer small given the sample size. Hence, the radial stress is only an approximation. 
A higher radial stress could have been achieved by selecting a different calculation point 
on the curve: for example, if for sample 6 the small drop at a displacement of 3.67 mm 
with a load of 322 N is used, the radial stress is found to be 27.1 MPa. This is a better 
result, but is not tabulated and used as an indicator of quality since the drop in load is 






Figure D-17: Results for 4-point bend test. 
Table  D-4: Overview of the results of the four-point bend test. 
Sample ‘buckling’ displacement at CBS radial stress 
number force [N] ’buckling’ force [mm] [Nmm/mm] [MPa] 
1 122 1.12 74.1 15.1 
2 133 1.20 78.8 16.2 
3 135 1.11 82.1 16.6 
4 166 1.41 96.1 19.1 
5 187 1.67 105.6 20.2 
6 216 1.66 120.9 24.0 
average 160 1.36 92.9 18.5 
standard 
deviation 
30 0.22 14.6 2.57 
Since the radial stress is often found to be independent of the thickness [32, 33], this is 
used to compare the current results to previous ones in literature. Only one paper was 
found where a clear difference in radial stress for samples with different thickness was 
measured [34], however, no specific reason is given for this. It is difficult to directly 
compare the results obtained to results in literature since only two papers using 




a maximum radial stress of 21 MPa was found for a thickness of 2 mm and a radius of 3 
or 5 mm. For a larger radius, the maximum radial stress decreased to 12 MPa [35]. 
Another paper reports the same test using PA6, a different type of thermoplastic material, 
and obtains a maximum radial stress of 12 – 18 MPa depending on the initial angle [25]. 
The results obtained exhibit equivalent performance to those reported, even though the 
manufacturing parameters, such as speed and acceleration in the corner, have not yet been 
optimised. 
When considering thermoset materials, the maximal radial stress found is usually in the 
range of 27 to 36 MPa [32, 36, 33]. A value of 36−40 MPa was measured for a range of 
thicknesses (4, 8, and 12 mm), and a radius equal to the thickness, independent of the lay-
up [32]. Another study found that for 3 and 6 mm thick specimens with a radius being 
either 3 or 6 mm, the maximum radial stress was around 30 MPa [33]. While Redman et 
al. [36] identified 27−28 MPa as maximum radial stress for a 3 mm thick specimen. The 
only study that finds a significantly lower radial stress is done for thick laminates: 20, 40 
and 60 plies are used, with a radius to thickness ratio of 0.8, 1 and 1.5 [34]. The maximal 
radial stress was 7−8 MPa for the thinnest material and only 4−5 MPa for the thickest 
laminate. However, this difference could also be, at least in part, due to the increasing 
radius. 
Comparing the present results to these, it is noticed that the values are only half that most 
thermoset materials reach, but this shortfall could be for multiple reasons. Firstly, the 
dimensions of the samples were smaller than required by the test standard, the radius-to-
thickness ratio was large (around 3), and the angle at the start was only 78° rather than 90°. 
Secondly, in the test set-up, the rollers were close to each other, and the upper rollers were 
close to the tested corner, which can influence the measurements by inducing a 3-
dimensional stress field [32]. Finally, as already mentioned, the assumptions used to 
calculate the radial stress may not have been satisfied. 
The load and displacement used may also have contributed to the difference in results 
obtained from those reported. During testing, when cracking was heard no significant 
load drop was observed to accompany it, but the stiffness does reduce by up to 65%. A 
similar result was obtained for woven composites [37]. In this case the reason for the lack 




architecture. Such a process is not happening in our case: all plies are in the same direction 
and delaminations are observed at the end of the test. However, the ability to retain load 
carrying capability after delamination growth occurs is a good indication of the overall 
performance of the stiffener and may be attributed to the higher toughness of the PEEK 
matrix. 
Concluding, the results found using the ASTM-6415 standard are difficult to interpret 
with confidence. The maximal radial stress found is not as high as in comparable studies, 
but for this study thermoplastic was used rather than thermoset. Furthermore, the samples 
were small, meaning the rollers were close to the test section and close to each other, and 
the initial angle was not 90°. To accurately compare the LATP manufactured 
thermoplastic specimen results with those presented in the literature, samples of the 
dimensions according to the test standard need to be manufactured, using a different 
mould with the same processing parameters. In this way it can be determined whether the 
LATP process produces parts of good quality. The current samples differ too much from 
the standard to draw final conclusions, however, the results are considered to be 
satisfactory for aerospace applications. 
D.6 Conclusion 
A novel manufacturing approach using winding and laser-assisted automated tape 
placement for an omega-shaped stiffener manufactured from a new generation of 
thermoplastic (carbon fibre PEEK) material has been introduced and discussed. The 
stiffener design is used as the stiffening elements in a wingbox. The sizing of the stiffener 
is based on the optimised buckling response of the wingbox. Manufacturing constraints 
are also taken into consideration: a minimum height of the stiffener is taken into account 
to avoid sagging and a corner radius, which is necessary to keep the laser head moving 
during rotation of the tool, is used. The innovative collapsible mould design leads to 
stiffeners of the correct dimensions to be made in a repeatable manner. The tool is made 
collapsible by using a low-melt aluminium alloy as a spacer: by exposing the mould to 
the alloy melt temperature, which is below the glass transition temperature of the 




Tests have shown that the bond strength is satisfactory: the interlaminar shear strength is 
found to be 24.7 MPa, which is at the same level as an adhesive film, but can probably be 
improved by changing the process parameters such as speed and acceleration of the head 
during manufacturing. The corner strength was found to be 18.5 MPa, which is slightly 
lower than results found in the literature for thermoset material, but still of an acceptable 
quality. However, the test was not performed according to the standard’s specification as 
the specimen dimensions had to be reduced due to the size constraints of the stiffener 
from which they were harvested. 
Future work includes performing tests on samples of the appropriate dimensions that are 
manufactured using the same manufacturing method to determine the quality of the 
corners produced using an optimised LATP process. Similar tests will be done for the 
bond strength of the short edges of the stiffener. It is expected that by optimising the 
manufacturing parameters such as speed and acceleration of the head during 
manufacturing will further improve strength data. 
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Appendix E:   Patent Pending on Spreading of CF/PEEK Tapes  
Title: Improvements in and Relating to Composite Manufacturing.  
Inventors: Gearóid Clancy, Ronan O’Higgins, Paul M. Weaver  
Introductory Statement  
After completing the initial wingbox test (Chapter 4) it was decided that it would be beneficial 
to eliminate gaps between neighbouring steered tows. After a trial and error process and design 
of different prototypes, a successful solution was found which can eliminate gaps between 
neighbouring steered tows (further details in Chapter 5). It was decided that the intellectual 
property related to the design needed to be protected, therefore a patent application regarding 
the spreading rig was filed. Patent has not been fully granted but is currently in the Patent Co-
operation Treaty (PCT) stage.   
Candidate Contribution: 33.3%  
The authors included completing trial and error phase, design of prototypes and final spreading 
rig, manufacture of spreading rig, commissioning of spreading rig, problem solving issues, 
completed invention disclosure, liaised with patent lawyers.  
  


























